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Abstract 
A key asset of Royal Mail Group consists of a nationwide network of sorting offices 
that forms a constituent component of the means through which the organisation 
provides an efficient nationwide postal service within the United Kingdom. It may be 
argued that the efficiency currently possessed by modem sorting offices is due to the 
utilisation of machines that automate the process of sorting items of mail. The modem 
letter-sorting machine possessed by Royal Mail can sort up to 30,000 letters per hour; 
such machines serve as an example of an achievement of the application of 
Mechatronics. 
The maintenance of letter sorting machines constitutes a large overhead for the 
organisation. In the face of competition from pervasive electronic media within the 
personal communications market and the prospect of deregulation, Royal Mail seeks 
to streamline its operation in part by the reduction of the overheads incurred through 
maintenance of letter sorting machinery. The adoption of condition based 
maintenance techniques and predictive maintenance, for letter sorting machine 
components such as belts and bearings, forms part of the strategy through which 
Royal Mail seeks to reduce this overhead. Utilisation of flat belts and timing belts for 
the implementation of key functions in letter sorting machinery, such as the 
transportation of items of mail within the mail sorting process, results in the use of 
many such components within letter sorting machinery. A direct link exists between 
the maintenance of peak performance of a sorting machine and the maintenance of 
x 
belt drives; as such the maintenance of belt drives forms a substantial component of 
the maintenance overhead. 
The focus of this thesis consists of the condition monitoring of belt based motion 
transmission systems and in particular, flat belts. The research that forms the basis of 
this thesis consists of three elements. Firstly, consideration of current knowledge of 
belt based power transmission such as knowledge of the mechanics of the belt based 
power transmission process within the context of condition monitoring. Secondly, the 
generation of empirical knowledge regarding the characteristics of the transverse 
vibration of belts with a view to the application of this knowledge within the context 
of the condition monitoring of belts. Thirdly, the development of novel techniques for 
monitoring aspects of belt based mechanical power transmissions. 
The first element was facilitated through the conduction of a review of literature 
published in peer reviewed journals and conference proceedings. The execution of the 
second element was facilitated by observing belt vibration in a test rig that consisted 
of a two-pulley belt drive system and the application of signal processing techniques, 
such as multi-resolution joint time/frequency decomposition. Execution of the third 
element was facilitated through the application of knowledge obtained in the first and 
second elements of the research, and the testing of novel belt monitoring techniques 
on the test rig constructed during the course of the research. 
The first element of the research resulted in the generation of apriori knowledge on 
the condition monitoring of belts in particular on the application of slippage and 
tension monitoring for the condition monitoring of belts. The term apriori used in this 
XI 
context refers to the generation of new knowledge from existing knowledge. The 
second element resulted in knowledge regarding the characteristics of transverse 
vibration of a belt based power transmission system being obtained by observing 
transverse vibration of a belt in the specially constructed test rig. This included the 
generation of knowledge regarding the frequency domain characteristics of transverse 
vibration in flat belts in motion within a belt based power transmission system. The 
third element resulted in the development of belt monitoring techniques that include a 
novel device for monitoring the coefficient of friction along the length of a belt, a 
potential method of detecting belt slippage from measurements of transverse vibration 
and other belt monitoring techniques that have been used to form the basis of 
successfully filed patent applications. 
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Chapter 1 
Introduction 
This chapter provides background information regarding the research discussed in this 
dissertation. This chapter is comprised of the following elements: 
• A discussion regarding the motivating factors behind the research carried out. 
• Information regarding belt based power transmission (BPT) systems such as a 
description of the theory behind their operation, belt based power transmission 
technology, and BPT configurations. 
• A discussion on system maintenance and In particular, condition based 
maintenance. 
• The aims of this thesis and the perceived original contribution to knowledge 
provided by the research are discussed. 
• Finally, a description of the structure of the remainder of the dissertation is 
provided. 
1.1 Motivation for the Research 
The transmission of rotational motion using belts is a technique applied in a wide 
variety of industrial and commercial systems. Belt based motion transmission is 
primarily used for driving rotating mechanical components and conveying objects. 
Examples of systems where the transmission of rotational motion to components via 
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belt based power transmission (BPT) systems plays a fundamental role, include 
modem combustion engines (where BPT systems are used for driving the camshaft 
and accessories) and machine tools. The conveying of objects via BPT systems is 
fundamental to many processes utilised within various industries, such as the letter 
sorting industry. 
The mail industry within the U.K. utilises machinery, such as that shown in Figure 
1.1, which automates the mail sorting process. These machines serve as an example of 
the synergistic use of mechanical components and information processing systems. A 
modem letter sorting machine can sort approximately 30,000 letters per hour, it is 
estimated that within the UK 82,000,000 letters are sorted per day through automated 
mail processing. These customer demands are met via a country wide network of 72 
sorting offices run by Royal Mail Group. Flat belt based BPT and toothed belt based 
BPT are fundamental to the mail sorting process. The three fundamental functions 
performed by flat belts within the mail sorting process are the driving of shafts, the 
transportation of mail and process synchronisation. Through the use of flat belt, items 
of mail are transported within the letter sorting process at velocities of up to 3 ms- I 
belts. 
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Figure 1.1: A NP4000 Letter Sorting Machine within a Royal Mail Sorting Office 
As part of a re-organisation of the structure of the mail sorting office network and in 
order to increase overall competitiveness of the company within the private 
communications sector, condition based maintenance strategies are being introduced 
within the process maintenance infrastructure (Coy, 2000). The advantages of 
condition based maintenance strategies over more traditional forms of system 
maintenance include: 
1. Maximisation of component utilization 
Since condition based maintenance provides information regarding current component 
condition, the utilisation of a component until a condition monitoring system detects 
the imminent failure of that component forms a possible application of such 
information. In terms of component utilisation, condition based maintenance improves 
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on the approach whereby the replacement of components occurs periodically 
regardless of their actual condition. Maximisation of the utilisation of a component 
may not occur through periodic replacement due the component being removed from 
the process prematurely. 
2. Elimination of random catastrophic failure. 
An application of information regarding component condition includes its use as a 
basis for the formation of prescient knowledge regarding catastrophic component 
failure. Such knowledge facilitates the scheduling of the occurrence of a maintenance 
task before the onset of catastrophic failure. 
3. Minimisation of unplanned outages. 
The occurrence of random component failure leads to the unplanned unavailability of 
machinery. An effective condition based maintenance program eliminates random 
failure due to the availability of information regarding component coridition and thus 
eliminates unplanned machine downtime. 
4. Minimisation of component consumption. 
If the outcome of the application of a condition based maintenance strategy includes 
the maximisation of component utilisation, then a consequence of this outcome 
includes the minimisation of the consumption of components. 
5. Number of spares components required to be stored on site is minimised. 
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If a condition based maintenance system provides prescient knowledge regarding 
when a maintenance task has to take place, an application of this knowledge includes 
the prediction of the required availability of components. If one possesses knowledge 
of when component have to be available, then application of this knowledge includes 
the optimisation of the process of storing and distributing components~ This contrasts 
with the case where random failure of components occurs because the unpredictability 
of component failure requires a stock of these components to be held within the 
vicinity of the machine if one requires prompt execution of the accompanying 
maintenance task. 
6. Minimisation of danger to personnel from the catastrophic failure of 
components. 
The catastrophic failure of a mechanical component such as a belt forms a source of 
danger for people in the vicinity of a machine, such as machine operators. If the 
prevention of catastrophic component failure due to the presence of prescient 
knowledge provided by a condition based maintenance strategy occurs, then the 
condition based maintenance strategy reduces the risk of injury to humans from the 
catastrophic failure of a component. 
Part of the process of introducing condition based maintenance strategies within the 
organisation includes the development of condition monitoring technology for mail 
processing machinery. This is being carried out as part of a collaborative effort 
between Royal Mail Group and academia. The objective of the work described within 
this thesis is to investigate the condition monitoring of flat belts. As highlighted by 
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the literature review in Chapter 2, the Condition monitoring of BPTs is not a well 
developed field compared to condition monitoring of other fundamental mechanical 
components such as gear transmissions and bearings. 
1.2 Belt Based Power Transmission (BPT) 
BPT systems transmit motion through the generation of friction. The power 
transmission capability of BPT systems is limited by the tensile strength of the belt 
and the coefficient of friction between the surface of the belt and the pulley. 
The simplest BPT system consists of two pulleys coupled Via a flat belt. More 
complex BPT configurations are commonly applied. For example, spring loaded 
pulleys (idler pulleys) may be present in the system in order to maintain a particular 
value of initial belt tension, the belt may have to drive multiple rotating elements, or 
the system may possess of multiple driving pulleys. Such configurations are 
commonly referred to as serpentine BPT systems. 
Even though power transmission belts are applied within a wide variety of systems 
they are not as widely studied as other forms of power transmission mechanisms such 
as gears 
1.2.1 Theory of Operation 
Motion is transmitted in BPT systems via frictional forces. Detailed descriptions of 
the basic mechanics of BPT systems may be found in standard texts on engineering 
mechanics (Bacon and Stephens, 1994) and (Hibbeler, 1989). Figure 1.2 illustrates a 
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simple two pulley BPT system transmitting motion under steady state conditions. 
Consideration of more complex multi-pulley serpentine belt transmission systems 
adds complexity whilst obscuring the fundamental principles. 
Pulley Pulley 
Figure 1.2: A Diagram of aTwo Pulley Belt Based Power Transmission System 
The torque that is applied to the driven pulley (rdn) is produced by the mechanism that 
is responsible for generating motion in the driving pulley. It is transmitted from the 
driving pulley to the belt and then from the belt to the driven pulley. The transmission 
of torque, from the driving pulley to the belt and from the belt to the driven pulley, is 
achieved via frictional forces developed between the surface of the pulleys and the 
surface of the belt. When the belt is stationary it is normally assumed that the tension 
of the belt is uniform around the entire length of the belt. This tension value is 
referred to as the belt initial tension (To). Through these frictional forces the torque of 
the driving pulley (rdg) alters the distribution of tension in the belt, as denoted in 
equation (1.1). 
(1.1 ) 
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The driven pulley is driven by a moment that is generated via the frictional force 
developed between the surface of the belt and the driven pulley (1.2). 
(1.2) 
In an ideal belt power transmission system there is no relative motion between the 
surface of the belt and either of the pulleys. The surface velocities of both pulleys are 
equal to the velocity of the belt. 
(1.3) 
The power transmitted by an ideal system is given by equation (1.4). 
(1.4) 
In physically realised BPT systems power losses occur when power is transmitted 
from a driving pulley to a belt and when power is transmitted from a belt to a driven 
pulley. Sources of power loss in belt transmission include slippage and vibration. 
Sources of power loss are not usually discussed in detail by standard texts describing 
the theory ofBPT. In section 2.2 literature on belt slippage and vibration is discussed. 
1.2.2 Belt Construction 
The construction of the majority of modem belts consists of a number of functional 
layers. Two main constituent layers are a tension bearing member and a friction layer. 
The friction layer is the layer through which frictional force between belt and pulley is 
generated and transmitted to the tension layer. This layer is designed specifically to 
give a large coefficient of friction between the surface of the belt and the system 
pulleys. When a BPT system is applied to conveying applications the surface of both 
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faces of the belt are utilised as friction layers. One layer generates friction between the 
belt and the pulley, the friction layer on the opposite side of the belt generates friction 
between the surface of the belt and the object transported by the belt. 
A number of different forms of belt exist; these include flat belts, V -belts and toothed 
belts. Each of these belt types are suited towards particular BPT system applications. 
1.2.2.1 Flat Belts 
Flat belts possess a cross section of uniform width and are usually designed to be thin 
and flexible. There are two basic types of modem flat belt construction. The first 
consists of a tension layer constructed using a strip or ribbon faced with an elastomer. 
The second type of flat belt construction consists of an elastomer carcase moulded 
around wound cords made up of polyester, Kevlar, glass fibre or steel. Wound cord 
flat belts consisting of a rubber carcase and steel cords are applied for conveying 
materials in the mining industry. 
Flat belts were the first type of belt used to construct BPTs, flat belts were originally 
manufactured using material such as hair, cotton and balata (Briggs and Towne, 
1868). Recent advances in belt materials and construction have resulted in the 
development of new applications of flat belt based BPTs. Examples of these 
applications include high speed motion transmission (up to 80ms- l ) (Anon, 1995) and 
as an alternative to steel cables in lifts (Ward, 2000). 
Pulleys on flat belt BPT systems may not consist of a constant radius along the length 
of the pulley, the radius of the pulley may increase and then decrease sharply at some 
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point along the length of the pulley. This feature is referred to as a pulley crown. The 
purpose of crowned pulleys is to prevent axial motion of the belt along the length of 
the pulley whilst the belt is in motion. 
1.2.2.2 V -Belts 
V -belts are known as such because they posses a V shaped cross section. In V -belt 
based BPT systems the system pulleys posses a V -shaped groove around the 
perimeter of the pulley into which the V -belt wedges. The majority of V -belts are of a 
wound cord type construction and are often faced with a textile cover. The main 
advantage V -belts possess over flat belts is that in general V -belts have superior 
power transmission capacity and may be used to construct BPT systems that consume 
less physical space. 
This superior power transmission capacity is due to an increase in the magnitude of 
the frictional forces supported by the area of contact between the belt and pulley in 
comparison to an identically tensioned flat belt based BPT. This increase in friction is 
due to the wedging action between belt and pulley. Specifically, the angle of the sides 
of the pulley groove increases the normal force applied to the belt (Jensen and 
Chenoweth, 1972). A disadvantage of V -belts is that the additional thickness of the 
belt makes them less flexible than flat belts operating on pulleys of a comparable 
diameter. This limits the diameter of pulley on which a V -belt may be operated. In 
response to demands from the automotive industry, which requires BPT systems for 
driving accessories that run on small pulleys, cogged V-belts were introduced (Childs 
and Parker, 1989). Another form of V -belt is the V -ribbed belt. V -ribbed belts consist 
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of multiple V -shaped belt elements that wedge into corresponding multi grooved 
pulleys. They are applied in BPT systems that are required to transmit large amounts 
of power. A potential disadvantage of the use of V -ribbed belts is that, because they 
essentially consist of mUltiple V -belts, if the tension is not distributed uniformly in the 
belts, then this may lead to the occurrence of vibration. Because the belts are coupled, 
the occurrence of vibration in one V -belt will induce vibration in all others 
1.2.2.3 Toothed Belts 
Toothed belts were originally designed in the 1940s in order to synchronise elements 
in sewing machines. Developments in aspects of tooth belt design such as material 
constitution has led to their widespread application. These applications include 
driving camshafts in vehicle engines, driving components in office machinery, driving 
machine tools components, and factory automation. 
Toothed belts, which are also known as timing belts, differ from flat and V-belts in 
the sense that they are positive drive elements. Toothed belts possess moulded teeth 
that mesh with grooves on a pulley that match the shape of the belt teeth. Motion 
transmitted by toothed belts is transmitted synchronously although small amounts of 
slippage may occur due to manufacturing tolerances influencing the meshing of belt 
teeth with pulley grooves (Dalgrano et ai., 1993). 
The first tooth shapes deployed in toothed belts were trapezoidal, tooth shapes have 
evolved into a semicircular shape. Semicircular shaped teeth mesh more smoothly 
with pulleys, increase the power transmission capability of toothed belts, and 
distribute load more uniformly (thus decreasing susceptibility to tooth fatigue failure). 
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1.3 System Maintenance 
The maintenance of a system is a key consideration when it is required that the 
functionality of the system is to be exploitable over a significant period of time. 
Common examples of systems that are required to be exploitable over significant 
periods of time include industrial processes, systems that provide utilities in buildings 
and vehicles used for the transportation of goods and people. 
There are a number of possible approaches towards the maintenance of systems. 
These may be classified into two broad categories: reactive maintenance and planned 
maintenance. The suitability of a particular maintenance strategy is dependent on the 
environment in which the system is operated and availability of knowledge about the 
faults that may occur in the system. The two categories of system maintenance are 
discussed in the following sections. 
1.3.1 Reactive Maintenance. 
When a reactive maintenance strategy is employed, only knowledge as to whether a 
system or component is not functioning is exploited in order to determine whether 
maintenance tasks are to be performed. Since the period between component failures 
may be characterised as a random variable (Rao and Foster, 2003), reactive 
maintenance strategies result in the occurrence of a fault leading to unplanned periods 
during which a system is non-operational. The system may be non-operational due to 
system failure or due to maintenance tasks being carried out. There are a number of 
situations where a reactive maintenance strategy, which is also loosely termed as 'fire 
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fighting', may be unsuitable. Such a situation is where the availability ofthe system is 
critical due to economic considerations, which is often the case for industrial 
processes, another is if the occurrence of a system or component failure compromises 
safety. 
Components and systems may experience failures that occur at random time intervals 
even when a planned maintenance strategy such as the periodic replacement of 
components is utilised. Thus when an organisation maintains a system using a strategy 
involving the periodic replacement of components, random failures still occur and the 
organisation must still partake in the process of reactive maintenance or 'fire 
fighting' . 
1.3.2 Planned Maintenance 
Planned maintenance strategies exploit knowledge about patterns of component wear 
and knowledge regarding the faults that could possibly occur in a system. This 
knowledge is applied in order to schedule the performance of maintenance tasks. 
Planned maintenance tasks may be designed to prevent the occurrence of system 
failure or the performance of the system degrading to an unacceptable level. The level 
of the intensity of a programme of planned maintenance exerts an influence on the 
overall system reliability. The intensity of a programme of planned maintenance is 
determined by factors such as the number of components replaced, periods of time 
assigned for system maintenance and the period of time between the replacement of 
components. The effectiveness of a planned maintenance strategy, in terms of both 
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cost and system reliability, is dependent on the availability and quality of knowledge 
about the system and patterns of component wear. 
A common method for scheduling the performance of maintenance tasks within 
planned maintenance strategies is to perform maintenance tasks when a fixed interval 
of time has elapsed. Within a sorting office such tasks may include component 
lubrication, belt tensioning or the complete replacement of components. The length of 
time in between the complete replacement of a component may be based on 
knowledge about the lifespan component such as its mean time to failure value. Such 
knowledge may be extracted from manufacturers data or from empirical knowledge 
generated during operation of the system. 
There are certain limitations to performing maintenance tasks at fixed intervals. These 
include the risk that such an approach may lead to the replacement of system 
components before they have been utilised over the course of their natural lifespan; 
such a situation may arise due to inaccurate assumptions about the lifespan of the 
components. Sources of inaccuracy in assumptions regarding the lifespan of a 
component include the basis of the assumption not taking into account variations in 
component quality or variations in system operating conditions. Another limitation of 
such a maintenance scheduling strategy is the fact that the periodic replacement of 
components does not eliminate random component failure. A third is the fact that it is 
undesirable to perform a major maintenance task unnecessarily as the process of 
carrying out the task may disturb another aspect of the system and induce another 
fault. 
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Another form of planned maintenance is condition based maintenance. 
1.3.2.1 Condition Based Maintenance 
A condition based maintenance strategy involves scheduling maintenance tasks based 
on knowledge about the actual condition of the system, or system components. The 
procurement of knowledge pertaining to system or component condition is commonly 
termed condition monitoring. Condition monitoring is discussed further in section 
1.3.3. 
If no system maintenance IS carried out the condition of system components 
deteriorates over time to the point where catastrophic failure of the component occurs. 
Within the conceprt of the P-F curve (Moubray, 2000), the time between detection of 
component deterioration and the occurrence of catastrophic failure is termed the P-F 
interval. The P-F (Potential failure - Failure) curve, illustrated in Figure 1.3, is a 
concept that consists of a plot of the general condition of a component versus time. 
The occurrence of a state of deterioration may be viewed as an indicator of the future 
occurrence of a more severe deteriorative state such as a catastrophic failure. Hence 
the reason why condition based maintenance and predictive maintenance are terms 
that are sometimes used interchangeably. 
Accurate knowledge regarding when an unacceptable level of component degradation 
will occur allows the component to be utilised over the entire course of its natural 
lifespan. Accurate predictions that give sufficient advance warning about the 
occurrence of an unacceptable level of component deterioration, such as catastrophic 
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failure, also allow the costs incurred by system maintenance to be minimised. The 
cost of system maintenance includes the cost of monitoring components. In the case 
where components are monitored through the human senses this cost includes the cost 
of man-hours. In the case where monitoring of components occurs solely via 
electronic sensors, the cost involved consists of an initial overhead for the purchase of 
sensor hardware/software, incorporation of the sensors within the process being 
maintained and the testing of the monitoring system. The accuracy of predictions as to 
when a particular level of component deterioration will occur is dependant on the 
availability of accurate knowledge about the shape of a component's P-F curve, and 
whether various levels of deterioration at various points on the P-F curve that occur 
before the onset of the unacceptable level of wear can be detected. 
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Figure 1.3: Diagram ofP-F Curve and Key Features of the Curve 
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1.3.3 Condition Monitoring 
Condition monitoring (within the context of condition based maintenance) is the 
process of monitoring a component or a system in order to detect the occurrence of a 
specific level of component wear, the occurrence of specific component fault that has 
resulted from component wear, or the general occurrence of a component fault. 
Condition monitoring systems may be viewed as consisting of the following three 
distinct stages: 
1. Observation of an aspect of a system or component (e.g. vibration). 
2. Extraction of features of the observed aspect (e.g. r.m.s. value of the vibration). 
3. Classification of component condition based on the features of the observed aspect. 
1.3.3.1 Aspect Monitoring 
In the first stage of the condition monitoring process an aspect or multiple aspects of a 
system component is monitored. A fundamental requirement of any aspect monitored 
is that it is sensitive in some respect to relevant changes in component condition. 
Multiple aspects of a component may be monitored via the human senses. Examples 
of such aspects that may be detected by the senses include cyclic fluctuations in air 
pressure within the range of frequencies perceptible by humans, visual aspects of a 
component such as colour or displacement, and component temperature (temperature 
may be sensed haptically). The monitoring of system component aspects via the 
human senses can be subjective and prone to error, for example the range of 
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frequencies perceptible by an individual is dependant on the age of the individual. In 
addition, the subjective response of the human body to external stimuli is frequency 
dependent (Tesarz et aI., 1997) and Fechner's law states that a logarithmic 
relationship exists between the intensity of a stimulus and the resulting physical 
sensation of the stimulus (Drosler, 2000). The skill of an individual in terms of 
perceiving the occurrence of a fault using the senses also depends on education and 
expenence. 
These reasons, in addition to the progressIOn of electronic sensor technology 
facilitating the monitoring of a wide range of aspects using commercially available 
sensors, have led to the prevalence of sensor technology in condition monitoring. 
Modern sensor technology also facilitates the monitoring of aspects not detectable by 
the human senses. Such aspects include infrared emissions and high frequency 
acoustic emissions. 
Aspects of systems or components that are commonly observed for the purposes of 
condition monitoring include vibration (Luo et aI., 2003), oil contaminants 
(Greenfield, 2001), electrical currents (Schoen and Habetler, 1997) and system input 
output relationships (Gazarick and Kamen, 1996). Research into condition monitoring 
systems includes the application of advances in sensor technology that may be used to 
monitor alternative aspects or a component of a system. 
Problems that may be encountered when monitoring an aspect of a component are as 
follows: the monitored aspect may be contaminated with undesired artefacts that 
originate from other system components, or are introduced by the sensor itself (so 
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called sensor noise). Distortion of the aspect characteristics caused by the 
transmission path between the aspect and sensor may also occur. 
1.3.3.2 Feature Extraction 
The second stage in the condition monitoring process is the extraction of a feature or 
features of the monitored aspect or aspects of the component. Relevant features are 
those that change in some respect in response to changes in component condition. 
Such a change may include a change in the absolute level or a change in a statistical 
parameter of the feature. The widespread availability of low cost, high level 
processing power facilitates research into the application of sophisticated signal 
processing algorithms for the extraction of aspect features (Nandi, 2000). 
The final stage of the condition monitoring process (condition classification) may be 
carried out using a single extracted feature, such as the average value of an aspect, or 
a vector that contains the magnitude of multiple features. Such as a vector could 
consist of statistical values or information about the frequency of periodic changes of 
the aspect. An advantage of extracting multiple features is that this can reduce the 
possibility of falsely diagnosing a component condition. This is the case especially if 
undesired artefacts or aspect distortion is present. 
Examples of features that have been· extracted in the second stage of condition 
monitoring processes include: time domain features (Andrade et aI., 2001), second 
order and higher order statistical features such as variance and higher order moments 
(Chow and Tan, 2000), frequency domain features extracted through the application 
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of parametric and non parametric spectral estimation (Herbert and Perryman, 1996), 
time/frequency domain features such that may be extracted using time/frequency 
transforms such as the wavelet transforms (Yen and Lin, 2000), cyclostationary 
features (McCormick et aI., 1998), parameters of a mathematical model of the 
monitored aspect such as an autoregressive model (Ravindra et aI., 1997), 
input/output relationship of the system and variables obtained through the application 
of principal component analysis (Baydar and Ball, 2001). 
The selection of relevant features may be based on knowledge about the component 
obtained through observation of the component within various conditions, 
mathematical modelling of the component, or through a process of trial and error. 
The extraction of features of a monitored aspect results in the generation of a vector 
containing the specific value of the features. Such a vector may be viewed as a point 
in a multidimensional feature space. Optimal features are those that result in the 
maximisation of the distance (in the feature space) between those vectors extracted 
from component aspects when the component is in a particular condition and those 
that are extracted when the condition of the component has changed. Recent research 
has been carried out in the application of techniques such as genetic algorithms (Jack 
and Nandi, 2000) for the selection of optimal features from a set of extracted features. 
Minimisation of the number of features that are required to be extracted from 
component aspects reduces the complexity of the final stage of the condition 
monitoring process: condition classification. 
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1.3.3.3 Condition Classification 
The final stage in the condition monitoring process is the classification of the 
condition of a component or system using extracted features of an aspect. In an 
autonomous condition monitoring system estimation of component condition is 
carried out using an algorithm that maps the extracted features to a specific 
component condition. 
Such an algorithm may infer component condition using logical statements, 
originating from human experience or otherwise, encoded appropriately within a rule 
based system such as an expert system (Feng et ai., 1998). Another form of condition 
classification algorithm is an algorithm consisting of a structure that systematically 
learns an appropriate mapping, in the form of a mathematical function, that maps 
specific points in the feature space to specific conditions represented in numerical 
form. 
Within the context of condition classification algorithms, supervised learning is where 
the algorithm learns the mapping function using examples that consist of feature 
vectors and values representing the particular condition of the component when the 
feature vectors were acquired. The case where the condition classification algorithm 
learns using feature vectors for which no additional information exists, with regards to 
the specific condition that generated the vectors, is an example of unsupervised 
learning. Condition estimation algorithms that utilise unsupervised learning are able to 
detect the existence of the occurrence of changes in component condition, but do not 
specify the exact fault condition that has occurred. The detection of changes in 
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component condition is carried out by the classification system identifying abnormal 
clusters of points within the feature space. The exact condition represented by a 
cluster of data points in the feature space may be determined when additional 
information about the component condition is available. 
1.3.3.3.1 Condition Classification Algorithm Structures 
There are varIOUS architectures through which rule based condition classification 
systems, condition classification systems that employ supervised learning, and 
condition classification systems that employ unsupervised learning may be realised. 
The computationally and structurally simplest condition classification algorithm 
involves thresholding of a single aspect feature. Thresholding determines whether the 
component is in one of two possible conditions by setting a threshold on the 
magnitude or statistical parameters of a feature. An estimation of component 
condition is made based on whether or not the magnitude of the feature or the 
parameters of the feature distribution has exceeded the threshold. 
Another form of condition estimation algorithm involves measurmg the distance 
(normally Euclidean) between the unclassified feature vector and feature vectors 
typically obtained for particular component conditions. This form of component 
condition estimation involves identifying which condition is represented by the vector 
that is the nearest neighbour of the unclassified feature vector. Variations of this 
approach include condition estimation algorithms that are based on k-nearest 
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neighbours classification (Haykin, 2002), learning vector quantization (Yang et aI., 
2001) and Kohonen self organizing networks (Rahman et aI., 1995). 
Another fonn of condition monitoring classification algorithm structure consists of a 
network that approximates the mapping function between points in the feature space 
and component conditions using a highly interconnected network of processing units. 
This network of processing units mimics the structure of biological neurons found in 
the brains of living organisms; hence they are called artificial neural networks. 
Examples of artificial neural network (ANN) based condition classifiers include the 
multi-layer perceptron ANN (Li et ai., 2001) and the radial basis function network (Li 
et aI., 2002). 
In some cases it may be desirable to detect solely a change of component condition, 
with respect to a specified reference condition, or to detect the occurrence of a 
condition that has not been previously encountered by the condition estimation stage 
of the condition monitoring system. These cases have been addressed through the 
application of a branch of signal processing referred to as novelty detection 
(Zorriassatine et aI., 2003b), (Nandi, 2002). 
One of the disadvantages of the approach to condition classification, whereby the 
mapping between feature vectors and system conditions is perfonned by a system that 
learns the appropriate mathematical function that describes the mapping between 
feature vectors and system conditions, is that the rules and logic applied behind a 
decision made by the system may be intractable. However, the major advantage of 
such systems is their ability to automatically learn this mapping and to update this 
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mapping as new data is made available. The converse is true for rule-based systems 
such as fuzzy logic based condition. classification systems. The logic behind a 
decision carried out by a rule based system is completely tractable, however acquiring 
and updating such rules is time consuming and expensive (Pigford and Baur, 1995); in 
addition these rules are usually extracted from a relatively small number of variables. 
In light of the advantages and disadvantages of rule based and artificial neural 
networks, hybrid systems such as neuro-fuzzy condition classification systems (Yen 
and Meesad, 2001) have been developed. In theory, the disadvantages of each of the 
two approaches to condition classification are circumvented by combining both 
approaches in a classifier system. 
1.4 Research Aims 
The aims of the research carried out were threefold. 
Firstly, to generate apriori knowledge regarding belt condition monitoring based on 
current knowledge currently available on the mechanics of the BPT systems. The 
nature of the knowledge pertains to how various aspects of belts may be monitored 
and to particular faults those particular aspects would be sensitive to. 
Secondly, to generate empirical knowledge on the characteristics of the spectral 
content of belt vibration with a view to the application of this knowledge within the 
context of belt condition monitoring. Such knowledge may be applied as a basis on 
which to decide relevant features of a belt transverse vibration in order to detect 
specific faults. 
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Thirdly, the development of novel methods for the condition monitoring of BPT 
systems. Such methods include a device for directly monitoring belt friction. 
1.5 Summary of Novel Contribution 
The following are considered the novel aspects of the research carried out: 
1. A literature review of belt condition monitoring technology was carried out 
during the course of the research. Such a review was not found during a search 
for literature on belt condition monitoring. 
2. The consideration of BPT mechanics within the context of condition 
monitoring, as presented in Chapter 3. 
3. The application of time frequency analysis to the analysis of belt transverse 
vibration and the application of the joint time frequency analysis for 
correlating frequency domain events with events that occur in a BPT system. 
4. During the course of the research into novel instrumentation for belt 
monitoring a belt friction monitoring device was developed. 
5. The novelty of this work is also highlighted by the successful filing of four 
patents involving methods for the condition monitoring of belts that occurred 
during the course of this research. Details of these patents may be found in 
appendix II. 
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1.6 Thesis Structure 
The second chapter of this thesis is a review of literature regarding energy loss 
mechanisms in belt based power transmissions (specifically slippage and belt 
transverse vibration) and the condition monitoring of BPT systems. 
Chapter 3 explores the notion of applying current knowledge regarding BPT systems 
within the context of belt condition monitoring. In this chapter the application of 
current knowledge regarding slippage mechanisms and belt vibration is explored. 
In Chapter 4, the test rig on which experimental data was obtained, and the 
methodology used to acquire the experimental data is described. 
In Chapters 5 and 6, empirical knowledge regarding the characteristics of flat belt 
transverse vibration is presented. This knowledge is based on the results of an analysis 
of the spectral content of a belt span in motion. The analysis tools applied in these 
chapters include the Fast Fourier Transform and wavelet analysis. 
In chapter 7, a novel method for monitoring friction in BPT systems is proposed. 
Results generated through experimentation, using a prototype device based on the 
proposed method, are presented. The results presented serve as an example of how 
such a device may be used to generate specific knowledge with regards to friction 
layer, the distribution of friction layer wear in the belt, and the presence of localised 
friction layer faults. Results are presented regarding the reliability of friction 
measurement, the application of the device for the detection of various friction layer 
faults and the detection of localised friction layer faults. 
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In Chapter 8, conclusions drawn based on the work described in the previous chapters 
are presented and discussed. Possible future directions for this work are also 
considered in chapter 8. 
1. 7 Summary of Chapter 1 
This Chapter consists of an explanation of the motivation behind the research 
conducted, an introduction to belt based power transmission systems, an introduction 
to system maintenance, and a discussion on condition monitoring. It also contained an 
overview of the structure of the remainder of the document and highlighted the novel 
aspects of the research. 
The next chapter consists of a review of literature on belt transverse vibration, belt 
slippage mechanisms and the condition monitoring of belt systems. 
Chapter 2 
Literature Review 
The aim of this literature review is to provide an overview of published literature that 
discusses research on of BPT systems. Facets of BPT systems that are discussed in 
this chapter include the main sources of energy loss in BPT systems (namely belt 
slippage and belt transverse vibration), measurement technology for BPT systems and 
the condition monitoring of BPT systems. 
A conclusion regarding previous research on BPT systems, that was drawn based on 
observations made during searches in various databases of scientific literature, is that 
the volume of literature on belt drives and especially belt drive condition monitoring 
is limited compared to the volume .of literature on other rotating mechanical 
components such as gears and ball bearings. This was also the case in 1928 according 
to Swift (Swift, 1928). The discrepancy between the volume of literature on BPT 
systems and interest in the study of other forms of power transmission systems is 
surprising given that BPT systems perform crucial functions over a wide variety of 
applications. 
In section 2.1 of this chapter belt vibration (in particular belt transverse vibration) is 
discussed. A summary of literature on belt slippage, in which the various mechanisms 
that contribute to belt slippage are identified, is presented in section 2.2. Literature on 
the condition monitoring of belts is discussed in section 2.3; this section discusses the 
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body of literature available regarding BPT condition monitoring systems developed 
for the Australian coal mining industry. 
2.1 Belt Vibration 
When a BPT system is transmitting motion a number of different forms of belt 
vibration can potentially occur. Three forms of belt vibration have been identified by 
researchers of belt vibration. The three forms of vibration include transverse vibration, 
longitudinal vibration (Chung and Han, 2001) and torsional vibration (Fujii et aI., 
2002). The direction of motion of each of the three types of vibration are illustrated in 
figures 2.1 to 2.3. 
Of the three different types of vibration that may occur in BPT systems, transverse 
vibration is the most widely studied. This is the case for two reasons. Firstly, the 
magnitude of the parameters of typical belt systems, such as parameters that are 
relevant to the geometry of the system and belt stiffness, usually result in the natural 
frequency of the longitudinal and torsional vibration being much higher than the 
natural frequency of transverse vibration (Yue, 1993). Secondly, a number of well 
established methods for measuring displacement such as capacitive based 
displacement measurement (Arkadan et aI., 1999) and laser interferometry based 
techniques (Kim and Nguyen, 2003) may be applied for measuring belt transverse 
displacement. 
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Figure 2.1: Direction of Motion of Belt Transverse Vibration 
Figure 2.2: Direction of Motion of Belt Torsional Vibration 
Figure 2.3: Direction of Motion of Belt Longitudinal Vibration 
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With respect to the condition monitoring of BPT systems via the monitoring of belt 
vibration, knowledge regarding the characteristics of belt transverse vibration has 
been applied in order to develop a technique that facilitates the accurate measurement 
of belt tension. This technique exploits the fact that the resonant frequency of a belt 
span is related to the tension of the belt span. Details of methods for measuring the 
resonant frequency of a belt span may be found in section 2.1.3. 
A belt based power transmission system may be viewed as a system, the operation of 
which, on a fundamental level, involves the axial motion of a material. Certain 
operating conditions in a BPT system may arise due to the occurrence of particular 
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faults. Models of axially moving strings or beams may be used in order to predict 
under which circumstances such operating conditions arise or the characteristics of 
belt transverse vibration when these operating conditions occur. The significance of 
this in terms of condition monitoring is that such models allow an investigator or 
autonomous system to identify a feature of a measured parameter that is sensitive to 
particular faults or test the validity of a proposition stating that a particular aspect of a 
BPT system (such as belt transverse vibration) or a feature of the aspect is sensitive to 
a specified fault. Such a proposition may firstly be stated based on empirical 
observation of the component in particular conditions and then the validity of the 
proposition or the extension of the proposition may be investigated using theories 
used to predictthe behaviour of axially moving material. 
2.1.1 Axially Moving Materials 
The study of axially moving materials has been carried out since the 1800s. Interest in 
the study of a particular example of such a system has been motivated by the 
widespread application of the system. One example of a surge of interest in the study 
of a system involving axially moving materials occurred in the 1950s where much 
interest was generated in the transverse oscillation of tubes containing flowing liquids. 
This interest was motivated by a general increase in the use of pipelines for the 
transportation of water and oil (Ashley and Haviland, 1950). Other examples of 
interest in systems involving axially moving material include studies of magnetic tape 
systems (Sun and Fung, 2003) and web processing systems (Nagarkatti et aI., 2002). 
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In studies of systems that incorporate axially moving material, including the study of 
BPT systems, the axial motion of the material within the system is regarded as a string 
with no flexural rigidity or a beam with finite flexural rigidity. Frequently, in such 
studies attention is paid to the effect of certain variables such as the transport velocity 
on the resonant frequency of the axially moving mass. 
The appropriate model to utilise when predicting the dynamics of a BPT belt span is 
dependant on a number of parameters including the bending stiffness of the belt and 
belt span length. A mathematical method of determining the most appropriate model 
to utilise for a particular BPT system was derived by Abrate (Abrate, 1992). 
Models of axially moving materials such as models of axially moving strings and 
beams have been used in order to accurately model the relationship between the 
resonant frequency of a moving belt and belt tension. As in the case of stationary 
belts, when the bending stiffness of the belt span is negligible it is appropriate to 
model the span as an axially moving string and when the bending stiffness is non-
negligible it is appropriate to model the moving span as an axially moving beam. 
Fawcett (Fawcett, 1981) and Abrate (Abrate, 1992) have published comprehensive 
reviews of literature on vibration of axially moving materials that includes material on 
belt and chain drives. 
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2.1.2 Modelling of Belt Vibration 
2.1.2.1 Model of a Moving String 
In order to predict the dynamic behaviour of belt span transverse motion in BPT 
systems, models that have been derived in order to predict the dynamic behaviour of 
the transverse motion of simply supported strings have been applied. A model of a 
moving string is the appropriate model to apply in the case where prediction of the 
dynamic behaviour of a BPT with negligible bending stiffness is required. 
Figure 2.4: Diagram of a Two Pulley Belt Based Power Transmission System 
The basic equation of motion of a string coupling two fixed pulleys moving at a 
constant velocity as depicted in Figure 2.4 is given by equation (2.1). The term on the 
left hand side of the equation represent acceleration of the belt in the transverse 
direction. The terms on the right hand side of the equation represent respectively the 
influence of tension in the transverse direction, Coriolis force, centrifugal force and 
damping. This equation of motion for a moving string, derived by (Mote, 1965) et aI, 
and its less detailed variants are frequently derived in the literature on belt transverse 
vibration through the analysis of the string pulley system depicted in Figure 2.4 using 
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Hamilton's principle. Solutions to the equations of motion have been used in order to 
predict the behaviour of the moving string under various conditions such as 
parametric excitation. 
(2.1) 
I 
( T, J2 c= _0 mh (2.2) 
The main variables in the model of a string include: 
String length (defines boundary conditions of the model) 
time (t) 
initial tension (To) 
mass per unit length (mb) 
vertical position in a 2 dimensional Cartesian co-ordinate system (y) 
horizontal position in a 2 dimensional Cartesian co-ordinate system(x) 
damping coefficient (D) 
moving string velocity (v) 
When the model of a movmg string is applied in order to predict the dynamic 
behaviour of a belt the value of the corresponding belt parameters, such as belt span 
length and belt mass per unit length, are measured in the physical system. These 
measured parameters define the boundary conditions for the equation of motion used 
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to model the belt dynamics. The numerical magnitude of corresponding variables in 
the model of a moving string are then inserted into the model. It is normally assumed 
that belt mass density is constant along the length of the belt. 
Considering the case of a static two-pulley BPT system such as that depicted in Figure 
2.4, if the pulley supports are completely rigid then the magnitude of the belt tension 
will not affect the distance between the two pulleys. If the pulleys are non-rigid then 
an increase in belt tension will decrease the distance between both pulleys and thus 
decrease the span length. The degree of the change in span length that occurs when a 
change of tension occurs depends on the magnitude of the increase or decrease in 
tension and the degree of pulley rigidity. In a two pulley BPT system, in which the 
belt is moving axially, the centrifugal force experienced by the belt as it travels 
around either pulley increases belt tension and hence, increases strain in the belt. In a 
BPT system with pulley supports that possess a finite rigidity, the increase in tension 
due to centrifugal force causes the pulley support system to relax hence the distance 
between the pulleys increases. A consequence of this change in belt span length due to 
finite pulley support rigidity is that the resonant frequency associated with a specific 
belt tension, as discussed in section 2.1.3, changes. An equation of motion for the 
transverse motion of an axially moving string which takes into account the rigidity of 
the string supports was derived by Mote (Mote, 1965). 
This model has formed the basis of investigations into axially moving materials in the 
form of band saw blades (Naguleswaran and Williams, 1968). A linear solution to the 
equation of motion was used in order to predict the circumstances under which 
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unstable running condition of a band saw blade would occur. It was observed by 
Naguleswaran that as the band saw blade became unstable the instability continued 
even if the velocity of the blade was changed such that it was no longer the velocity 
that originally resulted in the unstable running condition. Since the model was linear it 
could not predict the amplitude of the transverse vibration of the band saw when the 
band saw blade became unstable, since the amplitude of the vibration was limited by 
non-linearities. 
2.1.2.2 Model of a Moving Beam 
Moving beam theory has been applied in order to model the dynamic behaviour of 
moving belts with non-negligible bending stiffness. The equation of motion of a 
moving beam as derived by Mote is presented in equation (2.3). This equation is as 
the equation of motion of a moving string (equation (2.1)) except for the inclusion of 
a term that takes into account the effects of belt rigidity. The effect of finite bending 
rigidity is to increase the belt resonant frequency. The impact of bending stiffness on 
the dynamics of a belt is more pronounced the shorter the length of the belt span. 
(2.3) 
2.1.2.3 Transverse Vibration Non-linearity 
In two pulley BPT systems certain characteristics in the frequency response of belt 
span transverse vibration, such as vibration amplitude non-symmetry, have been 
observed. These characteristics are present due to the presence ofnon-linearities in the 
dynamics of motion of a belt in the transverse direction. Such features have been 
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observed in the case where the belt· is subject to harmonic excitation of fixed 
amplitude due to eccentricity in the system pulleys. Pulley eccentricity is a source of 
direct and parametric excitation in which the frequency of excitation is changed by 
adjusting the rotational velocity of the pulley. Within the literature describing research 
on sources of belt transverse vibration pulley eccentricity is within the order of micro-
metres. Non-linear behaviour of transverse vibration has been studied in the case of 
flat belts (Leamy et aI., 1997), timing belts (Shaochang et aI., 1995) and V -belts 
(Oeztuerk, 1996). 
Characteristics that have been observed in the measured frequency response curve of 
belt transverse vibration around the resonant frequency include a non-linear increase 
in the amplitude of the transverse vibration of the span as the frequency of excitation 
approaches the resonant frequency of the belt. The amplitude of the transverse 
vibration peaks when the resonant frequency equals the frequency of harmonic 
excitation. As the frequency of excitation is increased beyond the resonant frequency 
the amplitude of the transverse vibration decreases non-linearly in such a manner that 
the shape of the frequency response curve around the resonant frequency of the belt is 
symmetrical. Such a frequency response is depicted in Figure 2.1. 
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Excitation Frequency 
Figure 2.5: Symmetrical Transverse Vibration Frequency Response Curve of a 
Belt Span subjected to Periodic Excitation 
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Excitation Frequency 
Figure 2.6: Non-Symmetrical Transverse Vibration Frequency Response of a 
Belt Span subjected to Periodic Excitation. 
Non-symmetrical belt transverse vibration frequency response curves that bend to the 
right as shown in Figure 2.6, have also been observed (Pellicano et aI., 2001). Such a 
frequency response is responsible for the following two phenomena observed in the 
amplitude of belt transverse vibration. Firstly, as the frequency of transverse vibration 
excitation is increased a sharp reduction in the amplitude of the transverse vibration is 
Chapter 2: Literature Review 39 
observed at a particular pulley velocity. Secondly, a hysteresis effect is observed in 
that when the frequency of vibration is reduced in value a sharp increase in the 
amplitude of the transverse vibration is observed. This occurs at a frequency of 
excitation lower than the frequency of excitation for which a sharp reduction in the 
amplitude of the transverse vibration occurs. 
A non-symmetrical frequency response curve results in what is termed in the literature 
as a dual amplitude value frequency. Such a frequency response characteristics is 
observed in a hardening spring subjected to harmonic excitation of a fixed amplitude 
(Hill and Clark, 1999). This phenomenon also explains observations reported in the 
literature on belt transverse vibration, such as that made by Mote about the persistence 
of high amplitudes when the frequency of excitation is increased beyond the resonant 
frequency of the belt. 
This characteristic has been attributed to the longitudinal stretching of the belt span as 
it is displaced around its equilibrium point. As the displacement increases the elastic 
modulus of the belt increases thus the resonant frequency of the belt increases with 
belt displacement. Whether this particular characteristic occurs for a particular BPT 
system depends on the amplitude of the vibration of the belt spans when excited 
around the resonant frequency. 
Moon (Moon and Wickert, 2000) studied belt transverse vibration in a two pulley 
BPT system for the case where the belt is subjected to harmonic excitation from both 
pulleys. In the system considered by Moon the radius of both pulleys were not 
identical and thus the belt was subjected to harmonic excitation from two sources with 
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non-identical frequencies. Measurements of belt transverse displacement were made 
using a Michelson-style laser interferometer for belt velocities ranging from 8.4 to 9.2 
ms- I . Measurements were also taken for the case where the belt was reduced from 9.2 
ms- I to 8.4 ms- I and increased from 8.4 to 9.2 ms- I . The effects discussed previously 
in the section were observed. The occurrence of such phenomenon was attributed to 
the cyclical longitudinal stretching of the belt. Cyclical longitudinal stretching results 
from the cyclic variation in the amplitude of belt motion in the transverse direction. In 
order to predict the frequency response of the BPT system, the system was modelled 
by considering the system as an axially moving string driven by two eccentric pulleys. 
Harmonic excitation was modelled by the incorporation of sinusoidal terms in the 
boundary conditions for the differential equation and longitudinal displacement was 
also incorporated within the equation of motion. Since a BPT system may be 
considered as an example of a gyroscopic dynamic system (Ginsberg, 2001) the 
equations of motion were cast in the standard form for a distributed parameter 
gyroscopic system. An analytical solution to this form of the equation of motion was 
derived using the modal perturbation method. Predictions of the amplitude of belt 
span transverse vibration were made using this solution and a numerical simulation of 
the non-linear model. Both these predictions of the amplitude of the vibration were 
compared against the experimental data acquired. The salient features of the 
frequency response curve were predicted by the model although the exact velocity at 
which amplitude jumps occurred when the belt velocity was non-zero could not be 
predicted; this was attributed to the exclusion of modal damping in the perturbation 
solution. 
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(Pellicano et aI., 2001) also derived a non-linear model in order to predict the 
dynamics and subsequently the amplitude of transverse vibration in a two pulley BPT 
system subjected to harmonic excitation. In this case Pellicano considered harmonic 
excitation caused by eccentricity in one of the two pulleys. Agreement between the 
experimental data and the model was observed. A term representing damping was 
included in the equation of motion. The value of the damping term for a specific belt 
was estimated by adjusting the parameter as such that the best fit between the 
prediction obtained by the model and the experimental data was obtained. The 
frequency response of a span in the system was measured using an unspecified form 
of laser telemeter. An equation of motion for the belt is derived by first considering 
the belt as an axially moving beam which includes the effects of parametric excitation 
by incorporating a sinusoidal. term in the boundary condition for the differential 
equation. An analytical solution to the equation was found through the application of 
a perturbation method known as Galerkin projection. Studies of the effect of a change 
in tension and in the magnitude of pulley eccentricity on belt transverse vibration 
were also carried out by Pellicano. 
Beikman (Beikman et aI., 1996) investigated non-linear vibration in a serpentine V-
belt system that consisted of a two pulley BPT system with a spring loaded tensioner, 
longitudinal and transverse belt vibrations were considered. Beikman found that 
longitudinal belt vibration was coupled with transverse vibration SInce the 
longitudinal vibration can parametrically excite transverse vibration via a non-linear 
mechanism. A non-linear model of this process was derived and solved numerically. 
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Mote (Mote, 1972) investigated large transverse displacements in belts and found that 
the resonant frequency depends on the amplitude of excitation if this amplitude is 
large. Appropriate equations of motion were derived and it was discovered that non-
linear effects are more pronounced for higher modes and that non-linear effects can be 
neglected for small amplitudes and high tension levels. 
2.1.3 Belt Resonance 
In the following sections the prediction of the resonant frequency of a belt through the 
application of models of axially moving materials is discussed. The following cases 
are discussed, the prediction of resonant frequencies in the case of belt systems with 
negligible bending stiffness and BPT systems with non-rigid supports. 
2.1.3.1 Resonant Frequency of aMoving String 
Resonance in moving strings was considered by Skutch (Skutch, 1897) who explained 
the occurrence of resonance in a belt span in terms of the occurrence of the 
superposition of sinusoidal transverse waves reflected at the boundaries of the span. 
The boundaries of a belt span are defined by the pulleys supporting the span. 
Skutch subsequently generated a mathematical model based on his theory of belt 
resonance in order to derive an equation that could be used to predict the resonant 
frequency of a moving string. This equation is given in equation (2.4) and has been 
applied in order to successfully predict the resonant frequency of the various types of 
belts (including flat belts), chains (Wang, 1992, Stamets, 1951), band saw blades 
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(Mote, 1965) and the axially movmg components of various other systems that 
involve the axial motion of a material. 
(2.4) 
(2.5) 
Equation (2.4) may be used to predict the resonant frequency of the transverse 
vibration of a string or a strip of any other form of simply supported material in the 
case where the bending stiffness of the material is negligible. Equation (2.4) includes 
the velocity of the material (e.g. a belt span) as a term. The presence of a variable 
representing belt velocity takes into account the fact that the resonant frequency of a 
moving belt is dependent on the longitudinal velocity of the belt. According to 
equation (2.4) if the velocity of the belt is continually increased the resonant 
frequency of the belt decreases until the belt velocity is equal to c, which is the 
velocity at which transverse displacement in a string propagates along the length of 
the string. Empirical observation of BPT systems and other forms of system involving 
axially moving material have shown that this does not occur in actuality due to the 
presence ofnon-linearities that are not accounted for in equation (2.4). 
The measurement of v can be achieved in number of ways. These include obtaining an 
approximate measure by measuring velocity of the surface of either the driven or 
driving pulley. The more that is known about the level of slippage that occurs the 
more accurate a measurement of v one can obtain using this method. A variety of 
means exist to measure pulley velocity such as the use of a shaft encoders. The value 
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of v may also be measured directly by measuring the time taken for an optical, or 
otherwise, belt marker to traverse the system. Section 2.3.1.3 provides an example of 
this method. Another method involves measuring the rotational velocity of an idler 
pulley. The measurement of c requires information regarding the mass per unitlength 
of the material (mm) and the tension of the material (Tm). Information regarding min 
the case of a belt may be obtained from manufacturers specification. The 
measurement of T m for the case of a stationary belt span may be carried out using the 
means described in section 2.3.1.2. 
Yue (Yue, 1993) identified a mechanism through which the resonant frequency, of a 
belt span vibrating in the transverse direction, may vary. The observation made by 
Yue was that the point at which the belt/pulley contact occurs varies when a span 
vibrates in the transverse direction, thus the length of the belt span varies periodically. 
The magnitude of this variation is dependant on the amplitude of the transverse 
vibration. Yue also points out that the fluctuating length of the belt span is not a 
source of parametric excitation. 
The resonant frequency of a moving belt span IS affected by the rigidity of the 
supporting pulleys (Mote, 1972). 
2.1.3.2 Assertation of the Resonant Frequency of a Belt 
The relationship between belt span tension and the resonant frequency of a stationary 
belt may be ascertained directly by subjecting a belt span to a known tension, exciting 
the natural frequency, and then measuring the natural frequency of the belt (Fawcett et 
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aI., 1988). This process would then be repeated over a range of tension magnitudes. 
Alternatively an accurate mathematical description of the relationship between belt 
span tension and belt span resonant frequency can be obtained by modelling the belt 
span as a simply supported stationary string or beam. 
It is important to determine under what conditions resonance in a belt in a belt will 
occur since transverse vibration increases the number of belt stress cycles that occur. 
According to the Palmer-Milgren linear damage hypothesis, since transverse vibration 
increases the number of stress cycles per unit of time, then the occurrence of belt 
vibration reduces the time before the maximum number of stress cycles (that can be 
tolerated before damage occurs) is reached. 
2.1.4 Sources of Belt Vibration Excitation 
Transverse direction in a belt span may be excited via a number of mechanisms. 
These mechanisms may be viewed a falling into the following two categories: direct 
and parametric sources of vibration. Direct excitation mechanisms are sources of 
vibration excitation that consist of an object inducing vibration in a belt through direct 
contact with the belt; an example of a direct excitation includes introducing an 
impulse in the transverse direction by striking the belt with a solenoid. Parametric 
excitation mechanisms are those that excite transverse vibration via a disturbance, 
harmonic or otherwise, to a parameter of the BPT system such as belt tension or 
pulley velocity. Pulley eccentricity can be a source of both parametric and direct 
excitation, as discussed in sections 2.1.4.2 and 2.1.4.5 
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Frequency crossing diagrams may be used in order to predict the specific condition 
that leads to the frequency of excitation coinciding with the resonant frequency of a 
belt span (Mote, 1965). Frequency crossing diagrams are plots in which the value of a 
parameter of a BPT system, such as pulley rotational frequency, is plotted against the 
frequency of vibration excitation that results due to the presence of particular values 
of that parameter. 
2.1.4.1 Parametric Excitation 
Parametric excitation of transverse vibration in a BPT system is a process through 
which transverse vibration is excited via a variation in a parameter of the BPT system. 
Sources of parametric excitation in BPT systems that have been explored by various 
research efforts include fluctuating belt tension and fluctuating pulley velocity (Parker 
and Lin, 2001). Periodic fluctuations in belt tension have been reported to be caused 
by pulley eccentricity (Pellicano et aI., 2004); variations in belt stiffness and thickness 
(Abrate, 1987); and dynamic loading of the BPT system (Fawcett, 1999). 
2.1.4.2 Parametric Excitation due to Pulley Eccentricity 
The presence of pulley eccentricity, when a BPT is transmitting motion, causes 
periodic fluctuations in belt tension. The frequency of these fluctuations is determined 
by the rotational frequency of the eccentric pulley/so The amplitude of the tension 
variation is affected by both the magnitude of pulley eccentricity and the lateral 
stiffness of the belt. For a constant magnitude of pulley eccentricity the amplitude of 
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the tension fluctuation is higher in the case of a belt with high lateral stiffness than in 
the case of a belt with a lower lateral stiffness. 
In a two pulley BPT system in which both pulleys are eccentric· the maxImum 
amplitude of periodic vibration fluctuation occurs when the eccentricities are out of 
phase (Mote, 1965). Moon (Moon and Wickert, 2000) recently studied and modelled 
the characteristics of belt vibration in a two pulley BPT system in which the vibration 
had been excited parametrically through pulley eccentricity. In the system studied by 
Moon and Wickert in the driving pulley possessed an eccentricity of 0.00071 metres 
and the driven pulley, an eccentricity of 0.00042 metres. Pellicano (Pellicano et aI., 
2001) recently modelled transverse vibration in a two pulley system in which only the 
driving pulley is eccentric. It has been observed experimentally that the highest 
amplitude transverse vibration occurs when the frequency of pulley rotation coincides 
with a harmonic of the resonant frequency of a belt span. Due to vibration coupling 
the highest instability condition is when the pulley rotational frequency coincides with 
the second or third resonant mode. 
2.1.4.3 Vibration Excitation due to Belt Imperfections 
Periodic fluctuations of tension also occur due to non-uniformities in belt thickness 
and belt stiffness. In a two pulley BPT system with a local non-uniformity in 
thickness or stiffness belt tension fluctuation occurs at twice the rotational frequency 
of the belt. In the both cases, the fluctuation in the tension of the belt occurs at twice 
the rotational frequency of the belt because the non-uniformity contacts with a pulley 
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twice per belt rotation. Thus, dynamic stretching of the belt occurs twice per belt 
rotation. 
Tension fluctuation due to belt imperfections in a BPT system was studied by Wang 
(Wang and Mote, 1987) who investigated transverse vibration excitation due to 
tension fluctuation. The BPT system studied was a two pulley system that consisted of 
a metal belt with a non-uniformity of belt thickness that was caused by the butt weld 
connecting the ends of the metal band. The presence of the butt weld resulted in a 
non-uniformity in belt thickness. Experimental results obtained from a specially 
constructed test rig, showed that not only did large fluctuation in tension occur (due to 
the high stiffness of the metal band) but resonant modes of the belt were also excited 
when the rotational frequency of the belt was an integer multiple of a resonant mode. 
Wang (Wang and Mote, 1987) also derived an equation of motion for the system in 
which the non-uniformity in thickness was modelled as an impulse in the boundary 
condition of the differential equation. 
(Kozhevnikov, 1982) investigated the effects of stiffness imperfection on the tension 
of a two pulley V -belt system. The localised variation in belt stiffness was due to the 
belt join. The results presented by Kozhevnikov were limited to the observation that 
two large peaks in belt tension occurred during one revolution of the belt. 
2.1.4.4 Excitation of Vibration due to Dynamic Loading 
Fluctuations in belt tension are also caused by fluctuations in the loading of the BPT 
system. Considering a two pulley BPT system, the difference in the magnitude of the 
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tension in the tight span and the magnitude of the tension in the slack span is related 
to the magnitude of the loading on the BPT system. Thus if the system is subjected to 
a dynamic load then tension in both spans will vary with time. An example of a BPT 
systems that is subjected to dynamic loading may be found in combustion engines 
where BPT systems are normally used to drive the crankshaft and additional 
accessories (Campean et aI., 2001), (Leamy and Perkins, 1998). 
Transverse vibration amplitude, caused by tension fluctuations induced by dynamic 
loading, are at their highest when the frequency of excitation is an integer multiple of 
the resonant frequency of a belt span (Mockenstrum et aI., 1996). Theoretical studies 
of belt transverse vibration, involving the simulation of a BPT system excited by 
multi-sinusoidal tension fluctuations, were conducted by Parker (Parker and Lin, 
2001). A conclusion drawn by Parker, based on the results of these studies, is that 
dynamic loading of a BPT at multiple frequencies and arbitrary phases causes 
instability at frequencies other than harmonics of the resonant frequency of a belt 
span. It was found that when the source of excitation consisted of multiple harmonics 
of the belt resonant frequency, instability occurred at frequencies both above and 
below than a harmonic of the resonant frequency of the span. Another of Parker's 
findings consisted of the observation that: multi-sinusoidal excitation decreased the 
ratio of the fluctuation in dynamic tension to the mean tension at which a relatively 
wide range of frequencies, around the resonant frequency, can cause instability (50% 
down to approximately 0.1 % ). The consequence of this is that in some applications 
instability is more likely to occur if the excitation consists of waveforms more 
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complex than a single sinusoid; such as may be the case in BPT systems driving 
dynamic loads or operating within a vibrating structure. This also showed in order to 
achieve accuracy in the prediction of circumstances under which instability may 
occur, knowledge regarding the characteristics of the sources of excitation is 
desirable. 
Certain belt faults cause the excitation of transverse vibration due to the fault resulting 
in the occurrence of parametric excitation. For example, the parametric excitation of 
belt tension due to variation in belt stiffness and thickness. Instability has been shown 
to occur when the frequency of the tension variation coincides with a harmonic of the 
belt resonant frequency (Naguleswaran and Williams, 1968), (Pellicano et aI., 2004), 
(Wang and Mote, 1987). This occurs when the periodically varying tension occurs 
due to belt defects such as, non-uniform bending stiffness (Kozhevnikov, 1982), non-
uniform pulley side thickness, pulley eccentricity, or the periodic adjustment of span 
length. In the case of pulley side non-uniform thickness, Wang investigated the case 
of a belt consisting of a metal band with a non-uniformity in thickness of 0.02 mm. 
Naguleswaran (Naguleswaran and Williams, 1968) showed that vibration excitation 
due to variation in tension induced its most unstable running conditions when the 
frequency of the dynamic tension component was twice the resonant frequency of the 
blade. Naguleswaran presented findings for the case of a belt consisting of a metal 
band with a variation in tension of approximately 44 N. In the case of a rubber V -belt 
Nagulsweran highlighted that a tension variation of 17% occurred. In the case of a flat 
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rubber belt Pellicano demonstrated the occurrence of parametric instability for tension 
variations ranging from 10 % to 35 %. 
2.1.4.5 Direct Excitation 
Direct excitation is caused by an object in motion coming into direct contact with a 
belt; such objects may include a solenoid or an eccentric pulley. Pulley eccentricity 
constitutes a form of direct excitation, as well as parametric excitation, due to an 
eccentric pulley also causing transverse motion at the belt span boundary in contact 
with the pulley. Pulley eccentricity is a form of harmonic excitation that results in the 
direct excitation, at the frequency of pulley rotation, of both belt spans in contact with 
the pulley. Large amplitudes and instability occurs when the pulley rotational velocity 
of an eccentric pulley coincides with a resonant mode of the belt. 
Parametric excitation of transverse vibration in BPT systems, due to pulley velocity 
fluctuations, have been modelled and simulated by (Yue, 1993). Yue derived an 
equation of motion for the case of two pulley BPT systems in which the velocity of 
the driving pulley oscillated sinusoidally at a single frequency. Yue concluded that the 
highest amplitude vibrations occurred when the frequency of the variation in pulley 
velocity coincided with an integer multiple of the belt span resonant frequency. 
2.1.5 Other Studies of Belt Vibration 
Rim (Rim and Kim, 1994) defined a parameter for measuring the quality of belt 
power transmission. In (Rim and Kim, 1994) a technique is also described for 
extracting both the static and dynamic component of tension in a moving belt span. 
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Dynamic tension in a belt span arises due to three factors, pulley eccentricity, surface 
irregularity, and dynamic loading. The effect of a periodic variation in belt tension on 
the resonant frequency of a belt span is a modulation of the resonant frequency of the 
span. The frequency of this modulating sinusoidal component is extracted from the 
Fourier decomposition of the vibration of the span; the Fourier decomposition was 
obtained through the application of the Fast Fourier Transform (FFT). In the FFT of 
the belt span vibration the value of the modulating frequency is extracted by 
measuring the frequency value represented by the side-lobe at either side of the peak 
corresponding to the resonant frequency. Rim provides an algorithm for extracting the 
main peak, side-lobes and the peak ratio. Using a test in which the tension in a two-
pulley system was varied by varying the distance between both pulleys periodically 
with a defined frequency, the modulating frequency was successfully extracted from 
the FFT. 
2.2 Slippage 
Slippage in a BPT system is the occurrence of relative motion between the surface of 
a belt and the surface of a pulley. It is a source of power loss in BPT systems. The 
main slippage mechanism described in mainstream literature on BPT systems is full 
body slippage. Full body slip is the occurrence of a differential in velocity between 
the belt and the pulley at all points around the angle of belt/pulley contact. When full 
body slippage occurs power is transmitted from a belt to a pulley and vice versa 
through kinetic frictional force only. Full body slip occurs when the magnitude of the 
torque transmitted to or by a belt exceeds a certain limit. The value of this limit is 
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determined by the co-efficient of static friction between the surface of the belt and the 
surface of the pulleys within a BPT system, and belt tension. Full body slip is 
discussed further in section 2.2.1. 
When a flat belt based BPT system is transmitting power, slippage occurs even in the 
case where the BPT is transmitting less power than that required to induce the onset of 
full body slip. There are a number of different mechanisms that contribute towards 
slippage in BPT systems that have been identified by researchers. These include full 
body slip, elastic creep, shear creep, lateral creep and slippage due to lateral vibrations 
of the belt. Elastic creep is discussed further in section 2.2.2, shear creep is discussed 
further in section 2.2.4 and other factors that contribute towards belt slippage are 
discussed in section 2.2.5. 
Pulley Belt 
Lateral 
Longitudinal 
Figure 2.7: Lateral Motion between Belt and Pulley 
2.2.1 Full Body Slip 
In order to predict the magnitude of the torque required to be transmitted to or from a 
pulley in a flat belt BPT system, such that full body slip occurs, the Capstan formula 
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is normally applied. The Capstan formula, which is given by equation (2.6), was 
derived by Euler (Euler, 1762) in 1762. It is termed the Capstan formula since it was 
originally applied in order to calculate the friction developed by a rope wrapped 
around a ship's Capstan. Derivation of the Capstan formula can be found in most 
mainstream literature in which belt drives are discussed such as (Hibbeler, 1989) and 
(Wright, 2000). The equation is derived by considering the free body diagram of an 
infinitesimally small segment of belt in contact with the pulley. The free body 
diagram is resolved under the assumption that the belt is in motion or motion is 
impending. The resulting equation is then integrated over all points of contact 
between the belt and pulley. Other assumptions made during the derivation of the 
equation are listed below: 
1. The belt is perfectly flexible. 
2. The co-efficient of friction is constant around the arc of contact. 
3. The belt is on the verge of slipping everywhere on the angle of contact. 
(2.6) 
In reality these assumptions are violated by mechanisms such as elastic creep. The 
difference between the characteristics of slippage observed in BPT systems from that 
predicted solely by the capstan formula prompted the development of more advanced 
models of belt drive mechanics such as creep theory. It has also been observed that 
the basic Capstan formula under predicts the maximum power that can be transmitted 
by a BPT system (Belofsky, 1973). 
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When full body slip does occur torque is transmitted to or from a pulley solely 
through kinetic friction. The ratio of the tension in the tight belt span to the tension in 
the slack belt span may be predicted by replacing the co-efficient of static friction in 
equation (2.6) with the co-efficient of kinetic friction f.lk. 
If a belt is wrapped around a pulley at a certain angle of wrap and the co-efficient of 
friction between the belt and pulley is known, then the formula may be applied to 
predict the minimum ratio of tight side tension to slack side tension that can occur 
before the occurrence of full body slip. The amount of power that can be transmitted 
by or to a pulley increases exponentially with the angle of wrap of the belt around the 
pulley. 
the maximum power that can be transmitted in a belt transmission system is limited 
by the pulley that possesses the lowest angle of wrap. Eytelwein (Eytelwein, 1832) 
extended the Capstan formula in 1832 in order to predict the maximum amount of 
power that may be transmitted by V -belt drives. 
2.2.1.1 Full Body Slip and Centrifugal Force 
As an element of a belt travels around a pulley it is also subjected to a centrifugal 
force. This will result in an increase in the tension of the belt around the pulley, thus 
reducing the amount of tension available for the transmission of power. This results in 
a reduction of the power transmission capacity of the belt. A revised Capstan formula 
that takes into account centrifugal force is given in equation (2.7). 
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Betchel recently developed more advanced Capstan formula based equations for 
predicting the occurrence of full body slip that takes into account centrifugal tension 
and the belt stretching acceleration. Betchel' s work which is described in (Betchel et 
al., 2000) provides results generated by computer simulations of a belt in motion. 
Results obtained using equations developed by Betchel were compared to results 
obtained through equation (2.6) (in which both centrifugal force and stretching 
acceleration are neglected) and equation (2.7) (in which centrifugal force is taken into 
account but stretching acceleration is neglected). It was found that the percentage 
difference between predictions made 'using the equation that includes stretching 
acceleration and those that neglect it increases as either the velocity or the stiffness of 
the belt increases. 
r; - mh Vb 2 = efJp, 
~ -mhv/ (2.7) 
2.2.2 Elastic Creep 
If an elastic belt is used within a belt transmission system, then elastic creep is a 
mechanism that influences slippage and hence power loss in the system. Creep theory 
is a theory that explains the mechanics of a belt drive entirely in terms of elastic creep. 
The main elements of the theory are summarised in section 2.2.2.1 and a brief history 
of the development of creep theory is given in section 2.2.2.2. 
2.2.2.1 Theory of Elastic Creep 
When a pulley is transmitting torque to or receiving torque from a belt the frictional 
forces generated between a belt and pulley will cause a change of tension in the belt 
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where the belt contacts the pulley. If a driving pulley is transmitting torque to a belt, 
the change in the tension of the belt at region of belt/pulley contact will cause the 
segment of belt in that region to decelerate. If a belt is transmitting torque to a pulley 
the change in belt tension causes the belt to accelerate. This process is a consequence 
of the conservation of mass flow (Tipler, 1999) and generates slippage in the case 
where the torque transmitted by a BPT system is not sufficient to cause full body slip. 
During the process of acceleration or deceleration a velocity differential occurs 
between the surface of the belt and the surface of the pulley. Belt segment 
deceleration is depicted for the case of a driven pulley in Figure 2.8: the tight side of 
the belt runs onto the pulley with a velocity v I that is equal in magnitude to the 
velocity of the surface of the pulley. Assuming that the belt obeys Hooke's law and 
the pulley is rigid then since the velocity of the belt is altered around the arc of 
contact, the tangential velocity of the belt will not match the tangential speed of the 
belt and will leave the pulley at a lower velocity V2. 
The magnitude of the slippage (expressed in term of percentage) due to elastic creep 
is defined by equation (2.8). Assuming that the belt obeys Hooke's law, then the 
relationship between the slippage that occurs due to elastic creep and the strain in the 
belt as it enters the pulley (f:I) and the strain in the belt exiting the pulley (f:2) is also 
given by equation (2.8). This point means that in an elastic belt the transmission of 
power is performed through sliding friction. 
(2.8) 
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Figure 2.8: Driven Pulley Depicted with Angle of Creep 
The angle round the pulley in which this relative motion occurs is termed the angle of 
creep, it is depicted in Figure 2.8 by the parameter a. The angle of creep is measured 
from the point at which the belt exits the pulley. The angle of contact is denoted by (3. 
The size of the angle of slip depends on the extension modulus of the belt and the 
amount of power transmitted to or received by a pulley. 
The angle around the pulley defined by f3 - a is termed in the literature as either the 
dead zone, no slip zone, or idle arc. In the idle arc there is no change in belt tension 
and the speed of the belt equals the tangential speed of the pulley. As the amount of 
power transmitted or received increases, the angle of creep increases also, the extent 
of the idle arc decreases. When the angle of creep is equal to the angle of contact any 
increase in the ratio of tight side tension to slack side tension will result in the onset of 
full body slip. 
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When full body slip occurs the velocity of the belt running onto a pulley no longer 
equals the tangential speed of the pulley and the belt stalls. In applications this 
condition is undesirable and should be avoided during the design phase of a belt 
transmission system. Ideally a belt driven system should be designed so that pulleys 
operate with an angle of creep small enough so that variations in operating conditions 
can be accommodated without the onset of full body slip. However, used in 
conjunction with the Capstan formula the condition of full body slip can be used to 
calculate the coefficient of kinetic friction between a belt and pulley as discussed in 
Chapter 3. 
2.2.2.2 Development of Elastic Creep Theory 
The first incarnation of the theory of elastic creep, developed in order to explain the 
occurrence of slippage in elastic belts, was described by Reynolds (Reynolds, 1874) 
in 1874. This version of the theory explained power loss observed in belt transmission 
systems by stating that slippage was inherent in the operation of elastic belts. Creep 
theory challenged the assumption made by authors on BPT systems at the time that 
slippage only occurred if the ratio oftight side tension to slack side tension in a pulley 
exceeded a certain threshold. This assumption was based on the Capstan formula 
developed a century earlier. Reynolds explained his theory using simple formulae 
based on the extension modulus of a belt. Through these formulae he also showed that 
the slippage increased as the ratio of tight side tension to slack side tension increased. 
Reynolds did not provide results of any formal experimentation in (Reynolds, 1874). 
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In 1875 Reynolds used the principle of creep successfully to explain the phenomenon 
of rolling friction and validated the theory through experimentation (Johnson, 1985). 
In creep theory as stated by Reynolds, the moment the belt runs onto a pulley the belt 
gradually expands or contracts until it leaves the pulley. Creep theory was further 
developed by Swift (Swift, 1928). He extended the theory to incorporate the presence 
of an idle arc, the presence of which wa~ proven experimentally by others in the field. 
In the developed theory he also defined the condition of full body slip and the 
conditions under which it occurred. Swift validated the theory through 
experimentation on various belts composed of different material. On the whole, the 
results of the practical experimentation matched slippage values calculated using the 
theory. 
Sanders (Sanders, 1965) stated that at the time creep theory was not widely 
understood amongst BPT system designers and when applied was often done so 
incorrectly. In the case of more complex belt transmission systems containing 
multiple pulleys this misunderstanding of creep theory has led to erroneous 
conclusions about the systems. To address this, Sanders explains the theory in a very 
clear and concise manner and demonstrates how it should be applied in the case of 
multi pulley drives. 
2.2.3 Lateral Creep 
As well as creep due to the extensibility of the belt as described in the previous 
section, slippage in the lateral direction occurs also. This is due to variations of the 
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belt width associated with extension of the belt. The change in the width of the belt is 
dependant on the Poisson ratio (Tipler, 1999) of the material of which the tension 
bearing layer of the belt is composed. 
The effects of lateral creep in BPT systems were analysed by Fazekas in (Fazekas, 
1963). Through an analysis of a simulation of the process of lateral creep Fazekas 
concluded that lateral creep has a serious influence on the performance and wear of a 
belt transmission system, especially in the case of wide belts. Fazekas also concluded 
that non-homogenity of the belt width due to a non-constant Poisson ratio around the 
length of a belt may lead to the belt travelling in the lateral direction on a pulley. The 
occurrences of this phenomenon had previously been attributed to the misalignment of 
pulleys. 
2.2.4 Shear Creep 
Shear creep is a power loss mechanism caused by the build up of a shear strain in the 
carcass that surrounds the tension bearing member in a composite construction type 
bels as it travels around a pulley. Section 2.2.4.1 explains the main points of shear 
creep theory. 
2.2.4.1 Development of Shear Creep Theory 
Shear Creep theory was developed by Firbank (Firbank, 1970) in 1970. It was 
developed in order to explain the behaviour of inextensible belts such as those with a 
steel cord tension bearing layer. Elastic creep theory does not apply to inextensible 
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belts since in elastic creep theory slippage in a belt transmission system is described 
in tenns of belt extensibility. 
In shear creep theory as in elastic creep theory a pulley consists of two distinct zones. 
One in which no sliding contact between the belt occurs, another in which sliding 
motion between the surface of the belt and surface of the pulley occurs. These are 
tenned the non-sliding arc and sliding arc respectively. How this situation arises is 
explained as follows. 
When power is being transmitted from a driving pulley to a composite type belt the 
power is transmitted through the friction layer to the tension bearing member of the 
belt. Consider a small section of belt travelling around the pulley circumference, this 
is represented in Figure 2.9 by abo If power losses occur during the process of 
transmission of power from the carcass to the tension layer, a difference between the 
velocity of the tension layer and the velocity of the driving pulley will occur. Hence, 
the outer layer of the belt, denoted by a in Figure 2.9, travels at a velocity less than the 
layer of the belt in contact with the pulley, denoted by b. Such power loss may occur 
due to frictional forces within the material or hysteresis. The difference in velocities 
will cause a shear strain in the carcass material due to the static frictional force 
generated between the surface of the carcass and the surface of the pulley. The shear 
strain will increase along with the static frictional force as the section travels around 
the pulley. If the tension layer is inextensible the shear strain will increase linearly 
with the distance the belt has travelled around the angle of contact on the pulley (an 
elastic tension member will result in a non-linear increase of the shear strain). This 
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mcrease will continue up to the point where the static frictional force reaches a 
limiting value and thus the shear strain can no longer be supported by static friction. 
After this point the carcass of the section will slip around the pulley. Hence, relative 
motion (shear creep) between the section and pulley will occur. 
Outer 
b Layer 
... Carcass 
Friction 
) Layer Pulley 
Figure 2.9: Development of Shear Strain of a Belt in Contact with a Pulley 
Harrison in (Harrison, 1995) presents the results of experiments investigating the 
effect of shear strains in rubber friction layers on the performance of conveyor belt 
drives. His results show explicitly the link between power loss and the shear strain 
developed in conveyor belting. In these experiments Harrison also investigates the 
time taken for vulcanised rubber to recover from shearing. 
Firbank describes Shear Creep Theory and presented experimental results validating a 
mathematical model of the shear creep process. The experiments performed by 
Firbank involved measuring the slippage generated by a BPT system consisting of a 
steel cord tension layer belt and a rubber carcass, the amount of power transmitted by 
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the belt was increased incrementally and slippage measurements were taken at each 
increment. The resulting slip/tension difference curve measured was in general 
agreement with the predicted curve as shown in Figure 2.10. In Figure 2.10 slip is 
expressed as dimensionless fractional slip and the y-axis consists of the coefficient of 
traction, which is defined as the ratio of the difference between T\ and T2 and the sum 
of T\ and T2 (the sum of T\ and T2 is a constant). Some limitations of the experiments 
performed include the fact that measurements were not taken over a range of different 
initial tensions of the belt and they were performed only using one type of belt. 
O·S .. 
-;rj":'"' 
~ I 
0-2 
01 
(.) 0-01 0-02 0-0::; 0-04 
Creep 
Figure 2.10: Shear Creep Curves Presented by Harrison: (a) Experimental 
Results, (b) Calculated Results, (c) Elastic Creep Calculation 
Researchers such as Gerbert (Gerbert, 1991) and Childs (Childs and Parker, 1989) 
have investigated BPT systems, using a range of different initial tensions and belt 
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types, when shear creep was a factor taken into consideration. They have shown that 
shear creep is affected by the compression of the materials used in the construction of 
the belt, which in turn is related to the initial tension of the belt. In (Gerbert, 1996) 
Gerbert describes in detail work performed in applying shear creep theory to V-and 
V -ribbed belts. This work involved performing a Finite Element analysis on a cross 
section of belt and then performing a polynomial fit to the resulting plots of 
transmission power versus shear deflection; the results were then validated through 
experimentation. Such experiments have shown that shear creep is a dominant factor 
in the mechanics of a belt transmission system when thick belts or pulleys with small 
diameters are used. 
Alciatore and Traver (Alciatore and Traver, 1995) have considered the application of 
shear creep theory to predict the behaviour of multi-pulley systems. They created 
software that predicts the behaviour of a belt transmission system consisting of three 
pulleys. No results comparing the predictions of the program to the performance of a 
real multi-pulley system were provided. 
2.2.5 Other Factors that cause Slippage 
Belts are subjected to a radial load when seated on the pulley. The magnitude of this 
load depends mainly on the initial tension in the belt. Depending on the material used 
in the construction of the belt this radial load will cause compression of the friction 
layer. The compression affects shear creep and increases the difference between the 
geometrical and the true angle of contact of a belt on the pulley. In the case of the 
shear between the friction layer and the tension member as described in section 
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2.2.4.1 compression of the friction layer has the effect of elongating the shear. Thus 
the level of slippage when a belt is transmitting power is affected by radial 
compliance of the belt. 
Experiments performed by Childs, which are described in (Childs and Parker, 1989), 
have shown that for a composite construction type belt, with a rubber friction layer, 
the magnitude of the compression increases linearly in relation to increasing initial 
tension. Measurement of the compression was performed through a dial gauge 
mounted on the pulley. Slippage due to friction layer compression has also been 
shown to be linear in relation to the power transmitted by the belt. 
An important parameter which influences the behaviour of belt transmission systems 
is the angle of contact, this parameter is defined in section 2.2.2.1. 
There is a difference between the theoretical angle of contact calculated from the 
geometry of the belt system and the true angle of contact in a real system. This 
difference is due to the fact that a belt span is not completely straight as assumed 
when considering the geometry of belt transmission systems or as done so in section 
2.2.2.1. In reality the span possesses a curvature due to the rapid change of curvature 
of the belt which takes place when the belt seats on the pulley and when it unseats. A 
consequence of this is that when entering a pulley the belt seats later on the pulley 
than normally predicted, the belt also unseats earlier than normally predicted when 
leaving the pulley. The accumulation of seating and unseating behaviour means that 
the total angle of contact is less than that predicted using standard geometrical 
representations of BPT systems. Gerbert (Gerbert, 1981) showed that the magnitude 
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of this curvature, and hence the magnitude of the difference between the geometrical 
and real angle of contact, is dependent on the initial belt tension and the belt stiffness. 
In order to calculate the difference between the theoretical and real angle of contact 
Gerbert in (Gerbert, 1981) modelled the behaviour of the seating and unseating region 
both through the application of beam theory and considering belt flexural rigidity. 
Beam theory provides a crude approximation of the mechanism, which is reflected in 
the fact that this model produced results that overestimated the difference between the 
real and theoretical contact arc. Improved results were obtained by refining the model 
to take into account the compression of the belt against the pulley. 
2.2.6 Unification of Slippage Generation Theories 
Gerbert obtained predictions of slippage behaviour by combining each slippage 
mechanism mentioned within section 2.2 within a mathematical model (Gerbert, 
1996). The factors included in the model were elastic creep, shear creep, belt 
compression due to radial load and belt seating/unseating behaviour. Results 
generated by Gerbert for a simple two-pulley belt transmission system are presented 
in the form of a tension difference/slip curve shown in Figure 2.11. In figure 2.1 the y-
axis consists of the loss of angular velocity and the x-axis consists of coefficient of 
traction as defined in section 2.2.4.1. As can be seen in Figure 2.11, by taking into 
consideration a number of mechanisms, a good fit was obtained between slippage 
levels predicted through the model and measured slip. 
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Solid Lines: Predicted Results, Noughts and Crosses: Experimental Results (a) 
Elastic Creep Model, (b) Elastic Creep and Shear Creep Model, (c) and (d) 
Elastic Creep, Shear Creep and Radial Compliance Model. 
2.3 Belt Condition Monitoring 
In this section literature on the topic of condition monitoring of BPT systems is 
discussed. Whilst reviewing literature of belt condition monitoring technology it was 
found that the condition monitoring of flats belts, V -belts and toothed belts is a 
relatively underdeveloped field. The exception to this was the case of steel cord 
conveyor belts. In the case of such belts, condition monitoring systems had been 
developed in order to reduce belt maintenance costs in the Australian coal mining 
industry. It was found that artificial intelligence had not been widely.applied for the 
condition monitoring of belts. 
Section 2.7.1 discusses sensors developed for monitoring belt parameters such as belt 
tension. Section 2.7.2 discusses belt condition monitoring systems. Section 2.7.3 
discusses belt condition monitoring systems but focuses on systems that have been 
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developed for belts with steel cord tension members and rubber carcases. Such belts 
are used extensively within the mining industry. 
2.3.1 Belt Monitoring Sensors 
2.3.1.1 Measurement of Belt Transverse Vibration 
Castellini (Castellini et aI., 2000) (Castellini, 2002) applied a tracking laser to the 
study of toothed belt vibration. Tracking laser vibrometry is a technique through 
which vibration in a moving target may be monitored (Castellini and Paone, 2000). A 
vibration measurement taken from one span then may also be viewed as a 
measurement in the spatial domain thus a single scan also provides a sample of the 
shape of the belt span. 
The technique was applied by Castellini in order to measure transverse displacement 
on a single point on the belt of a BPT system when the belt was in motion. Vibration 
in a single point was measured in the case where the point was travelling at 4.8 ms- I . 
The investigation found that the frequency content of the belt transverse vibration 
depended on the angular velocity of the pulley and number of teeth on the pulley. 
Amplitude modulation was also observed. The measured vibration had a non-zero 
mean due to non-orthogonality between the belt and laser beam producing low 
frequency components. 
Transducers for measunng belt transverse vibration, which do so by detecting 
fluctuations in air pressure in the vicinity of the belt due to transverse motion of the 
belt have been developed. The changes in air pressure in the vicinity of a belt are 
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detected using a microphone. One version of this method that increases the signal to 
noise ratio of the vibration measurement involves using two microphones to 
simultaneously measure changes in air pressure on either side of a belt span (Fawcett 
et aI., 1988). The output of both microphones are subtracted, this results in a higher 
signal to noise ratio than the case where transverse vibration in a belt is measured 
using a single microphone due to the fact that the output of both microphones 
interfere constructively (Tipler, 1999). 
An infrared transducer as discussed in section 4 has also been developed for. 
measuring belt vibration. This transducer operates by measuring the intensity of non-
coherent infrared light reflected from the surface of a belt. The source of the infrared 
light is a light emitting diode (LED). The light from the LED is modulated so that the 
measurement of belt displacement is less affected by noise in the form of background 
infrared light. This transducer provides a measurement of dynamic belt displacement 
in the frequency range of 10-100 Hz, the closer the vibrating belt span is to the 
transducer the higher the intensity of the reflected light. 
2.3.1.2 Tension Measurement 
At present devices based on vibrating string theory as mentioned above are limited to 
the measurement of tension when the belt is not in motion. 
Madden (Madden, 1995) describes a system which performs a measurement of 
dynamic belt tension in one belt span. This system constantly monitors the force 
required in order to displace the belt a fixed distance from a datum line, the so called 
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force vector displacement method. The system measured tension at six points along 
the width of the belt. This system also possessed a reference marker and an infrared 
sensor in order to detect the occurrence of one complete revolution of the belt. 
Tension measurement devices have evolved from mechanical devices such as the 
Burroughs gauge that require physical contact with a belt and the operators own 
strength in order to perform tension measurement to non contact devices that exploit 
the theory of vibrating strings. Manual mechanical measurement techniques determine 
tension by measuring the force required by the operator to displace the belt from a 
datum line. In the theory of vibrating string the natural resonant frequeny of a string 
under tension is defined by equation (2.9). Tension meters based on this principle 
measure the natural frequency of a belt span after the span has been externally 
excited. Belt tension is then calculated by applying (2.9). One of the issues associated 
with this method lies in the squared terms present in the expression. Any errors in 
measuring the span length or frequency are squared also thus magnifying them. 
(2.9) 
A device based on the said principle is commercially available for measuring belt 
tension (Fawcett et ai., 1988). Belt tension is ascertained by measuring the resonant 
frequency of the belt. Belt transverse motion is measured by directing a source of 
infrared light on the belt and measuring the intensity of the light reflected from the 
belt. An alternative method used is to measure fluctuation in pressure in the vicinity of 
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the transversely vibrating belt usmg a microphone. The accuracy of mechanical 
devices such as the Burroughs gauge or Cricket gauge is reliant on the operator's 
familiarity with the instrument. Mechanical devices can measure span tension with an 
accuracy of approximately 30%. Non contact based tension meters can achieve an 
accuracy of approximately 5%. Fawcett (Fawcett, 1999) describes how a non-
contacting tension meter based on vibrating string theory was used to improve the 
tension setting procedures in internal combustion engines. Coy et al stated the benefits 
of using frequency based tension monitoring devices in Post Office letter sorting 
machinery in (Coy et al., 2001). 
2.3.1.3 Belt Velocity Measurement 
In order to measure slippage between a belt and pulley a measurement of both the 
rotational velocity of the pulley and the velocity of the belt span is required. The 
rotational velocity of a pulley may be measured accurately through various well 
established means such as incremental encoders. 
A non-contact method for accurately meaSUrIng the velocity of a belt has been 
developed by Berger (Berger, 2002). This system consisted of two light sources that 
illuminate an area of the surface of the belt. Light reflected normal to the surface is 
focussed by a magnifying lens and reflected by a 45-degree mirror that guides the 
reflected light to a fibre optic cable. Two photo diodes are used to measure the two 
peaks in the light when two marked segments of belt located a fixed distance apart 
travel underneath the sensor. Light-wave guides were utilised since the system was 
designed to measure belt velocities in cases where access to the belt is limited. Light-
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wave guides facilitated the processing of the reflected light signal to occur out-with 
the vicinity of the belt. 
The output of the two photodiodes is cross-correlated in order to determine the 
distance between the two peaks in light intensity. Information regarding the time 
between peaks in the intensity of the reflected light and the distance between the 
marked areas of the belt is then used to calculate belt velocity. This method is known 
as correlative velocimetry. The equation, stated in (Berger, 2002), used to calculate 
belt velocity includes a term that represents the value of the magnification of the 
magnifying lens. Although the magnification of the lens is required to be constant, 
vibration of the belt causes the distance between the belt and the lens to vary. This 
issue was resolved through the use of a double telcentric lens optical system. 
2.3.2 Belt Condition Monitoring Systems 
Kellis (Kellis, 2000) discusses a commercially available condition monitoring system 
for monitoring conveyor belts. The system detects the following belt faults: failure of 
mechanical fasteners, faults which affect the operational width of the belt (such as 
damage to the edges of the belt) and longitudinal belt rips. The condition monitoring 
method involves scanning one side of the belt with an array of infrared light 
transmitters, in the system described in (Kellis, 2000) the source of the infrared light 
consisted oflight emitting diodes. The opposite side of the belt was within the field of 
view of an array of infrared photo detectors. Whilst the belt is in motion the light 
sources that are blocked from the field of view of the photo detectors by the belt is 
monitored. A two dimensional image produced by the output of the photo detectors is 
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also produced in order to allow the operator to identify sections of belt which require 
replacement. The output of the infrared detectors was analysed using Boolean logic in 
order to detect the faults specified. 
Shirai discusses in (Shirai and Keneko, 1993) a system developed for detecting faults 
in timing belts. This system was based on so-called differential-type torque sensors. 
The aspect of the belt monitored by the device is dynamic tension in both spans of a 
timing belt. The system consisted of pulleys fixed in position at the centre of each 
span such that the belt runs in between the two pulleys as depicted in Figure 2.12; the 
pulleys also perform the function of belt tensioning. Strain gauges on the supporting 
strut of either pulley are used to continuously measure tension in each belt span. This 
method facilitated the detection of two faults: the presence of an object embedded in 
one of the pits of the toothed belt and V -cracks in the belt carcass. The author 
modelled the signature of the faults and then verified these models on a prototype of 
the device. Based on the results obtained from modelling and verifying fault 
signatures, an appropriate algorithm was developed. 
Toothed Belt 
riven Pulley 
Driving Pulley Tensioner Pulley 
Figure 2.12: Condition Monitoring System based on a Tension Differential Type 
Torque Sensor 
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An autonomous belt condition monitoring system was described by Zhanguo and 
Wang (Zhanguo and Wang, 1998). In this system torque and slippage measurements 
are monitored via a computer controlled system. Torque is measured using a torque 
rod permanent magnet and coil. Slippage is measured via optical encoders which 
measure the velocity of the driving and 'driven pulleys. Pulley velocity measurements 
were combined in an intelligent slippage measurement system. The output of the 
torque sensor is also processed using digital electronics in order to provide an absolute 
measurement of torque. This system monitored belt slippage and the magnitude of the 
torque transmitted with no provision made for the detection of specific belt faults 
other than changes in the parameters of the system. 
A condition monitoring system for V -belts was developed by Yamashina (Yamashina 
et al.~ 1996). In this system various belt faults were detected through the analysis of 
vibration in the housing of the driven bearings. Vibration was measured using an 
accelerometer mounted on the housing of the driven bearings. Frequency domain 
information was extracted from the output of the accelerometer and processed using 
the cross-discriminant method (Okuno et aI., 1999) in order to reduce the impact of 
sources of random noise in the amplitude spectrum of the measured vibration. The 
following faults were successfully detected using the system: embedment of foreign 
material in the belt, transverse cracks at the bottom of the belt, misalignment of 
pulleys, excitation of resonant, excessive slippage, twisted v-belts and bent v-belts. 
Condition classification was carried out based on five features extracted from the 
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processed amplitude spectrum. These features as well as the faults to which they are 
sensitive are listed as follows: 
1. The sum of the increase in amplitude of belt rotation frequency harmonics. This 
parameter was useful in identifying foreign material embedment twisted belts and 
bent belts. 
2. The sum of the increase in amplitude of frequency components from 120 Hz to 200 
Hz. This parameter was effective for identifying cracks at the bottom of the belt. 
3. The amplitude of the pulley ball bearing pass frequency. This parameter was 
effective for identifying pulley misalignment. 
4. The sum of the increase in amplitude of frequencies at 1m 21m 0.51m where 1m is the 
fundamental frequency of the harmonics that experience the largest increase in 
amplitude. 
5. The rotational frequency of the driving pulley and the pass frequency of the driven 
ball bearings. This parameter was effective for identifying belt slippage. 
A Baye's discriminant function implemented in the form of a multi layer perceptron 
neural network (Funahashi, 1998) was applied in Yamashina's condition monitoring 
system in order to perfonn the classification of faults in the V -Belt system. Eight 
input patterns were generated from features extracted from three V -belts subjected to 
simulated faults. Of these eight input patterns generated from each of the three belts, 
four were used in order to train the discriminant function and four were used for the 
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function validation phase. The discriminant function classified faults with a miss-
classification ratio of 5%. This relatively low value of misclassification was taken as 
evidence of the appropriateness of the features extracted from the frequency spectra of 
the output of the accelerometer. It is noted that the number of examples used to both 
train and validate the discriminant function was low. 
2.3.2.1 Condition Monitoring of Steel Cord Conveyor Belts 
A significant body of research has been carried out in Australia on the condition 
monitoring of belts consisting of steel cord tension layers. Belts of this type are 
utilised extensively in the mining industry for transporting material extracted from 
mmes. 
Heslop (Heslop and Lay, 1994) evaluated the cost benefit of applying belt condition 
monitoring technology, developed by the CSIRO, at the Australian Austen and Butta 
South Bulli coal mine. The condition monitoring system magnetised the steel cords of 
the conveyor belts and the condition of the steel cords was determined by analysing 
disturbances in the magnetic field of the cords during a revolution of the belt. Using 
the maintenance technique of visually inspecting the belts, which had been 
traditionally applied in the mine, the life expectancy of a belt was approximately lS-
17 years. Introduction of the belt condition monitoring technology increased the 
service life of the belt to 24 years. This was due to the fact that visual inspection of 
the belt could not detect damage to the steel cords and thus using the condition 
monitoring technology, a section of the belt with damaged cord could be detected and 
replaced before the occurrence of catastrophic failure 
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(Cheng et aI., 1997) describes a prototype of a system developed in China that utilises 
x-ray projection imaging in order to test the integrity of steel wires in conveyor belts 
utilised by the mining industry. In this system the moving conveyor belt is scanned by 
a fixed, narrow beam of x-ray radiation. The x-rays, which are projected through the 
belt, are detected using a one dimensional array of photoelectric detectors sensitive to 
radiation at x-ray wavelengths in the appropriate portion of the electromagnetic 
spectrum. The individual elements of the detector consisted of a photo electric diode. 
The electrical signals generated by the detector were processed by a commercial PC 
system in order to produce an x-ray image of the conveyor belt with a resolution of 
512x512 pixels. Determination of the condition of the steel cord was carried out 
through manual analysis of the generated images. The amount of radiation emitted by 
this device was in accordance with the limit permitted by Chinese environmental law. 
Cheng highlighted that the system could form part of a remote diagnosis system. 
Barfoot (Barfoot, 1996) presented an overview of the state of the art in steel cord belt 
condition monitoring in 1996. Advancements in fabric and weaving technology have 
been responsible for increased interest in fabric layered steel cord belts and the 
condition monitoring of such belts. The systems developed for monitoring fabric belts 
create an electrical path incorporating the belt, damage to the fabric layer or rubber 
covers is detected by sensing changes in the electrical characteristics of the belt. 
Barfoot states the current trend in monitoring is to reduce the operator expertise 
required to diagnose faults based on the sensors used within the monitoring systems. 
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A system for measuring and tracking loss of adhesion in steel cord conveyor belt 
splices was developed in 1983 (Harrison, 1983). This system involved drawing a 
square grid pattern on the belt at the location to be monitored when the belt was 
subjected to a specific tension. Loss of adhesion between the steel cords and the 
rubber carcass of the belt caused distortion of the grid pattern. Harrison compared 
results obtained using the described technique with results obtained detecting loss of 
adhesion using x-ray measurement of the belt splices. This comparison highlighted a 
correlation between high values of grid distortion (>O.Smm) and areas of poor 
adhesion. Harrison noted that the technique is unsuitable for detecting cord corrosion 
where the corrosion does not affect the integrity of the splice or causes cord distortion. 
Barfoot describes a system for quantitatively measuring the integrity of a steel cord 
conveyor belt splice (Barfoot, 1993). The system detects when tension is not shared 
uniformly along the width of the belt due to poor adhesion between the steel cords in 
a splice and the carcass of the belt. This is achieved by magnetising. the steel cords 
and then detecting disturbances in the magnetic due to the load caused by the belt 
tension not being shared evenly by the cords. When the load in one cord is less than 
that in the adjacent steel cords in the belt the elongation in that cord will be less than 
that in the remaining cords. This affects the position of the end of the cord in relation 
to the end of the other cords which in tum disturbs the magnetic field in the area of 
the belt where the end of the steel cords reside. The system senses the magnetic field 
via the voltage induced by the field in an array of coils situated below the belt. The 
system described gave magnetic foiled scanning resolution of 1/6th of a belt width. 
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Actual measurements of steel cord integrity were obtained by measuring the output of 
the magnetic field sensors and comparing peaks in the signal measured when the belt 
splice was under low tension and when the belt splice was under high tension. 
Harrison (Harrison, 1989) describes the development of an experimental system for 
detecting loss of adhesion in steel cord conveyor belts. This involved measuring the 
velocity of a stress wave propagating through the belt via strategically placed 
accelerometers. Harrison showed that adhesion problems are indicated by non-
uniform distribution of wave velocity across the belt. 
2.3.3 Potential Belt Faults 
Various potential BPT system faults were identified from literature were discussed in 
this chapter. These faults include eccentric pulleys, pulley misalignment, loss of 
friction due to contamination of the belt or wear, object embedment, loss of belt 
tension, rips and holes in belts, belt join failure and excessive slippage. Joseph 
(Joseph, 1995) applied a full Fault Mode and Effect Analysis (FMEA) analysis on 
steel cord conveyor belts. 
The accurate alignment of belt pulleys is required especially in V -belt systems, 
toothed belts and flat belts running on crowned pulleys. A lowering of the coefficient 
of friction of a belt both reduced the power carrying capacity of the belt and 
contributed towards the generation of shear creep. Objects embedded in a belt may 
induce belt vibration and in the case where the object is embedded in the side of a belt 
in contact with a pulley, increases the magnitude of the dynamic tension component 
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during one revolution of the belt and thus contributes towards belt fatigue. The loss of 
belt tension reduces the power carrying capacity of a belt and affects the amount of 
slippage generated due to elastic creep or full body slip. Rips and holes in a belt alter 
the stress distribution in the belt and have consequence in conveying applications. 
Belt join failure may be partial as shown in Figure 2.13 and thus lead to a non-
uniformity in the tension layer of a belt, full failure of a belt join is a catastrophic belt 
failure that may cause damage to a system or cause injury to humans. Excessive 
slippage may accelerate wear of the friction layer of a belt, cause inefficiency of belt 
operation and may also generate dust that may contaminate other components. The 
deleterious effects of belt slippage is application dependant; for example, slippage 
may lead to damage to an object processed by a system, as may occur in letter sorting 
machinery as discussed in section 3. 
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Figure 2.13: Partial Belt Join Failure in a Letter Sorting Machine 
2.4 Conclusions of Literature Review 
Within this chapter an overview of literature on belt transverse vibration, belt slippage 
mechanisms, and belt condition monitoring technology was presented. 
During the review it was found that with respect to slippage both full body slip and 
slippage due to elastic creep were the most widely studied slippage mechanisms. 
Previous research has included the modelling of the process of elastic creep. These 
models show that the slippage due to elastic creep is related to both the tension 
modulus of a belt and the torque transmitted to or by the belt. This work establishes 
that the characteristics of belt slippage may be affected by these variables. Thus, 
potentially, information regarding these variables and the belt faults that affect them 
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may be obtained by monitoring belt slippage. This point is discussed further in section 
3. 
It was found that technology has been developed for measunng the resonant 
frequency, and hence, tension of a belt span. This is an example of the application of 
belt vibration as the basis for belt condition monitoring technology. Much work has 
been conducted into the modelling of belt transverse vibration dynamics. Models of 
belt vibration treat the belt as either a moving string or a moving beam depending on 
the material properties of the belt and the belt drive geometry. It was shown that 
through the application of the theory of moving materials, the tension of a moving belt 
span may potentially be measured through measurements of belt vibration if in 
addition to the resonant frequency the velocity ofthe belt is known (section 2.1.3.1). 
It was also found that with the exception of steel cord belts used in the Australian coal 
mining industry, the condition monitoring of belts is a field that has received little in 
the way of study. Various methods have been utilised in belt condition monitoring 
systems but none found in the literature reviewed utilised transverse vibration. 
However, it was shown that various faults in a V -belt, such as embedment of a foreign 
material and cracks in bottom of the belt, could be detected reliably by monitoring 
vibration on a pulley mount (section 2.3.2). Features of the vibration of that were 
sensitive to these faults included vibration components at harmonics of the belt 
rotational frequency. 
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2.5 Summary of Chapter 2 
In this chapter the literature on belt vibration, belt slippage, and belt condition 
monitoring was reviewed. Conclusions based on this review were also presented. 
The next chapter discusses the application of knowledge regarding slippage 
mechanisms and belt transverse vibration within the context of belt condition 
monitoring. 
Chapter 3 
Application of Current Knowledge 
on BPT Systems 
Within this chapter current knowledge regarding belt slippage and the. distribution of 
tension in belts is evaluated within the context of the condition monitoring of belts. In 
this chapter current knowledge on BPT dynamics and statics is used as a basis for the 
formation of apriori knowledge regarding aspects of BPT systems and the response of 
these aspects when certain BPT faults develop. 
Section 3.1 discusses the sensitivity of elastic creep to belt elasticity and faults in the 
form of a non-uniformity of belt elasticity along the length of the belt. Section 3.2 
discusses the application of tension monitoring using vibration and examines the 
application of belt span vibration measurement for the monitoring of tension 
distribution, and application of tension distribution monitoring for belt condition 
monitoring. Section 3.3 explores the notion of implementing belt condition 
monitoring by monitoring the behaviour of a belt as it travels around a single system 
pulley. Section 3.4 discusses the fusion of information from BPT system sensors. 
3.1 Condition Monitoring via Slippage Monitoring 
Slippage is a source of energy loss in BPT systems through which energy is dissipated 
by the generation of dynamic friction between the surface of a belt and the surface of 
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a pulley. In non-elastic belts shear creep has been identified as the primary source of 
belt slippage when the operating parameters of the belt are within the zone that does 
not result in the occurrence of full body slip. Within this section the notion of 
monitoring belt slippage for the purposes of belt condition monitoring is explored. 
Slippage due to elastic creep is evaluated in terms of its sensitivity to both tension and 
friction layer faults. 
3.1.1 Elastic Creep and Belt Tension Layer Faults 
It has been shown by Swift (Swift, 1928) and others that the magnitude of the 
slippage that occurs between a belt and a pulley, due to elastic creep, is dependant on 
the belt elasticity, the magnitude of the moment exerted by the belt on the pulley, and 
the magnitude of the pulley torque transmitted to the belt. Elastic creep is caused by 
the change in the strain of a belt that occurs around the arc of belt/pulley contact when 
a pulley transmits torque to a belt, or when torque is transmitted from belt to pulley. 
In other words slippage due to elastic cr~ep occurs when a change in belt strain occurs 
around the arc of belt/pulley contact due to the transition of a segment of belt from a 
tight side span to a slack side span, and vice versa. Transmitted torque, tension 
modulus, and slippage due to elastic creep have been related via equation (3.1). In this 
model of slippage due to elastic creep, slippage (expressed as a percentage) is linearly 
proportional to the torque transmitted to or by the belt, the level of slippage is 
inversely proportional to the belt elastic modulus; and it is assumed that the belt obeys 
Hooke's law. 
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If the magnitude of a torque transmitted to or by a belt is constant then the level of 
slippage that occurs due to elastic creep, assuming that shear creep is negligible and 
the system is not in the state of full body slip, is dependant solely on the elastic 
modulus of the belt. Equations (3.1) and (3.2) describe the relationship between 
tension modulus and slippage due to elastic creep. In equation (3.2) Y denotes the 
tension modulus of the belt expressed in terms of Newtons per unit metre squared of 
cross sectional area as defined in equation 4.1, and A denotes the cross sectional area 
of the belt. Within the this chapter the plots with an x-axis consisting of tension 
modulus were generated in order to illustrate information given within the relevant 
section; the range of tension modulus values used in these plots are lower than the 
tension modulus values of typical belts. 
(3.1) 
A=YW (3.2) 
If a change in the elasticity of the belt occurs then this will affect the level of slippage 
that occurs. Equation (3.1) states that slippage due to elastic creep is inversely 
proportional to tension modulus. The consequence of this is as such: if an increase in 
the tension modulus of the belt occurs, then a decrease in the change of strain in the 
sections of belt in contact with a pulley will occur. Hence, slippage due to elastic 
creep will decrease if the tension modulus of the belt increases. If a decrease in the 
tension modulus of the belt occurs, then a decrease in the change of strain in the 
sections of belt in contact with the pulleys will occur. Hence, slippage due to elastic 
creep will increase ifthe tension modulus of the belt decreases. 
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3.1.1.1 Detection of a Decrease in Tension Modulus in a BPT System 
One reason for the initial tension of a belt changing over time includes the occurrence 
of significant levels of relaxation. If relaxation of a belt occurs (Harrison, 1995), then 
this results in a decrease of the tension modulus of the belt. In a BPT system with no 
form of automatic tensioning mechanism this decrease or increase in the tension 
modulus will affect the initial tension of a static belt. This change in the initial tension 
in such a system may be used to detect a change in the tension modulus of the belt. In 
a BPT system that possesses an automatic belt tensioning mechanism such as a spring 
loaded idler pulley then the initial tension of a static belt will not change in response 
to a change in the elastic modulus of the belt. Thus a change in the elastic modulus of 
the belt in such systems may not be detected by a change in the initial tension of a belt 
but may be detected through measurements of belt slippage due to elastic creep. 
Assuming that the torque transmitted by the BPT system is constant then the 
magnitude of the change in slippage due to elastic creep that occurs will be dependant 
on the initial tension modulus of the belt and the magnitude of change in the elastic 
modulus. Simulation of a BPT system under running conditions may be used to 
predict the level of slip that occurs in response to a particular change in the elastic 
modulus. Such simulations may be used to evaluate the feasibility of monitoring belt 
slip in order to monitor changes in elastic modulus and the sensitivity of the 
instrumentation required. The main issue with the detection of a change in elastic 
modulus due to slippage is the measurement of changes in slippage due to changes in 
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elastic creep or the power transmitted by a belt with a high enough signal to noise 
ratio (SNR). 
In the following sections, hypotheses stated previously in section 3.1.1 regarding the 
sensitivity of belt slippage to the belt tension modulus value and the magnitude of the 
moment transmitted from pulley to belt and vice versa, are verified via simulations 
based on the mathematical models presented of the elastic creep mechanism. 
3.1.1.2 The Sensitivity of Elastic Creep to changes in the Elastic Modulus of a 
Belt 
Inspection of the model relating slippage due to elastic creep that is presented in 
equation (3.1), shows that elastic creep is linearly proportional. to the torque 
transmitted to or by a belt assuming the belt obeys Hookes law. The consequences of 
this in terms of the detection of a percentage change in tension modulus through the 
measurement of slippage when a BPT system is under steady state conditions are as 
follows. The higher the initial tension modulus the lower the percentage increase in 
slippage due to a percent change in elastic modulus. This point is illustrated in Figure 
3.1, which is a graph of percentage change in tension modulus versus slippage. Two 
plots are shown in this graph. The first is a theoretical plot of change in tension 
modulus versus change in slippage for the case of an elastic belt used within a letter 
sorting machine, the belt is model type MA T02H manufactured by Habasit. The 
second plot is a theoretical plot of percentage change in tension modulus versus 
percentage change in slippage in the· case of the much stiffer belt, the Habasit 
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MAM5P belt used in the letter reader section of a LSM. These plots were generated 
through the application of equation (3.1). 
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Figure 3.1: Plot of Predicted Change in Magnitude of Belt Slippage in Response 
to Change in the Tension Modulus of a Belt 
3.1.1.2.1 The Effect of Transmitted Torque on the Sensitivity of Elastic Creep to 
a change in Tension Modulus 
Equation (3.1) states that the elastic modulus of a belt wrapped around a driving 
pulley is linearly proportional to the difference in tension between the tight side span 
and the slack side span. Equation (3.3) may be used to calculate the change in the 
magnitude of the slippage generated due to elastic creep that occurs in response to a 
change in the elasticity of a belt. The change in the magnitude of slippage that occurs 
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due to elastic creep is linearly proportional to the difference in tension between the 
tight side span and the slack side span. The consequence of this in tenns of the 
sensitivity of slippage due to elastic creep to a change in the elastic modulus of a belt 
is as follows. 
If a change in the elasticity of the belt occurs, then the quantitative change in the 
magnitude of elastic creep that occurs in response to the change in the elastic modulus 
of the belt is affected in the following way: if the difference in tension between the 
tight side of the belt and the slack side of the belt increases then the amount of 
slippage due to elastic creep generated by the change in the elastic modulus of the belt 
increases also. Conversely, if the difference in tension between the tight side of the 
belt and the slack side of the belt decreases then the amount of slippage due to elastic 
creep generated by the change in the elastic modulus of the belt decreases 
proportionally. 
(3.3) 
This point is illustrated in Figure 3.2. This figure is a graph of belt tension modulus 
versus slippage for the case of a belt wrapped around a single pulley; two plots are 
shown on this graph. One is a theoretical plot of tension modulus versus slippage in 
the case where the tension difference between the tight side tension and the slack side 
tension is 10 N. The second plot is a theoretical plot of tension modulus versus 
slippage in the case where the tension difference between the tight side tension and 
the slack side tension is 20 N. In Figure 3.2 it may be seen that for each value of 
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tension modulus on the x-axis the magnitude of the slippage predicted in the case of 
the T I - T2 = 20N is double that of T I - T2 = ION. These plots were generated through the 
application of equation (3.1). 
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Figure 3.2: Plots of Belt Slippage versus Belt Tension Modulus for the Case of 
Two Separate Tension Difference Values 
3.1.1.2.2 The Effect of Belt Velocity on the Sensitivity of Elastic Creep to a 
change in Tension Modulus 
The level of slippage that occurs due to elastic creep is dependant on, amongst other 
variables, the extensibility of a belt. Thus, the velocity of the slack side span decreases 
as slippage due to elastic creep increases. Equation (3.4) defines the change in elastic 
creep that occurs in response to a change in the extensibility of a belt in terms of the 
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tight side span velocity and the slack side span velocity. Equation (3.5) defines the 
change in the velocity of the slack side span that results due to a change in the 
magnitude of the slippage that occurs due to elastic creep. In equation (3.5) the left 
hand term is linearly proportional to the velocity of the tight span, which under ideal 
conditions is equal to the velocity of the driving pulley surface. Thus the larger the 
velocity of the driving pulley, the greater the sensitivity of the velocity of the slack 
side span to a percentage change in the extensibility of the belt. 
(3.4) 
(3.5) 
This point is illustrated in Figure 3.3 which consists of two plots of the tension 
modulus of a belt driven by a pulley verslis the velocity of the slack side of a belt 
span. The first plot is a plot of tension modulus versus the velocity of the slack span in 
the case where the velocity of the surface of the driving pulley is 3 ms· l . The second 
plot is a plot of tension modulus versus the velocity of the slack span in the case 
where the velocity of the surface of the driving pulley is 5 ms· l . In the latter case, over 
the range of values of the tension modulus for which data is plotted the velocity of the 
slack side span is greater than in the case of the former. These plots were generated 
through the application of equations (3.1) and (3.4). A non-linear relationship exists 
between belt tension modulus and the velocity of the slack side of the belt. The lower 
the tension modulus the greater the change in velocity in the slack side span that 
occurs to a given decrease in tension modulus. 
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Figure 3.3: Plots of Belt Velocity versus Belt Tension Modulus for the Case of 
Two Separate Driving Pulley Velocities 
3.1.2 Localised Tension Faults 
In this section a localised tension layer fault is defined to be occurrence of an 
instance, along the length of the belt, where the magnitude of the belt strain is non-
constant. The total strain that occurs in a segment of belt, in response to tension, 
consisting of two halves in which inequality exists between the tension modulus of 
each half is given by equation (3.6). Equation (3.6) describes the calculation of the 
total strain that occurs in both halves of the segment where I1.L\ is the change in length 
of the half possessing tension modulus Y l , M2 is the change in length in the half 
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possessing tension modulus Y2, and LT is the total length of the un-tensioned belt 
segment. 
(3.6) 
3.1.2.1 Sources of Localised Tension Layer Faults 
The scenario described by equation (3.6) would occur due to a segment of the belt 
containing a fault such as a hole or if partial belt join failure. In each case the segment 
of belt containing the fault would possess a stress value differing from that of the 
remainder of the belt since the force per unit area would change where the fault has 
occurred. 
3.1.2.2 The Impact of Localised Tension Layer Faults on Belt Slippage 
In the case of a belt in contact with a driving or driven pulley, the level of slippage 
that occurs due to elastic creep is dependant on the change in belt strain around the 
angle of contact (equation (3.1)). Assuming that the difference between the tight side 
span and the slack side span of a belt wrapped around a pulley is constant, and the 
elasticity of the belt is constant, then during a full rotation of the belt the value of the 
slippage that occurs due to elastic creep is constant. This is because the overall change 
of strain that occurs in a segment of a belt that occurs when it moves from the tight 
span to a slack span is constant. If a belt possess a localised variation in tension 
modulus, then the change of strain (and hence slippage between the segment and the 
pulley) that occurs when the segment of belt that contains the localised variation in 
tension modulus travels for the tight side span to the slack side span will differ from 
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the change in strain that would occur in another segment of belt. Thus, the level of 
slippage that will occur during a full belt revolution will be non-constant. 
Hence, the presence of variations in belt slippage during the course of one revolution 
ofthe belt is indicative oflocalised faults in the tension layer. If the nature of the fault 
is a localised increase in the magnitude of strain that occurs in response to tension, 
then a localised increase in the belt slippage will occur during the course of one entire 
revolution of the belt. If the nature of the fault is a localised decrease in the magnitude 
of strain that occurs in response to tension, then a localised decrease in the belt 
slippage will occur during the course of one revolution of the belt. Assuming that the 
level of slippage that occurs before the occurrence of a localised tension layer fault 
does not change, then the presence of a localised increase or decreases in belt slippage 
will affect the.average belt slippage that occurs during one revolution of the belt. 
In the previous section it was shown that the slippage that occurs is dependant on belt 
elasticity. If the elasticity of the belt is constant around the length of the belt then the 
slippage generated through elastic creep during steady state conditions will be 
constant. If the belt elasticity is non constant along the length of the belt then in this 
section it was argued that according to elastic creep theory the slippage that occurs 
during one revolution of the belt will vary. It was argued that such variations in the 
slippage over one entire revolution of the belt may be used to detect and locate the 
presence of tension layer faults. If the elasticity of the belt join changes as the 
condition of the join deteriorates then monitoring the magnitude of the change in 
slippage due to the fault may be a method of monitoring the failure of belt joins. 
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3.1.3 Detecting Power Change using Elastic Creep 
In section 3.1.1.2 it was shown that if the moment transmitted from belt to pulley or 
vice versa is constant, then changes in slippage that occur due to elastic creep are 
indicative of a change in tension layer elasticity. Conversely if the elasticity of the belt 
remains constant then a change in the moment transmitted from belt to pulley or vice 
versa will result in a change in the slippage that occurs between belt and pulley due to 
elastic creep. 
Under such conditions, if the belt obeys Hooke's law, then the moment and hence 
power transmitted by the belt may be calculated using equation (2.8) if both the 
slippage generated and the elastic modulus is known. An increase in power 
transmitted occurs due to an increase in the load driven by the belt. One such source 
of increased loading includes an increase of the rolling friction of rolling element 
bearings utilised by the belt drive pulleys. This may occur due to lack of lubrication or 
the occurrence of physical damage to either the rolling element, the inner race, or the 
outer race of the bearings. Information regarding the power change may also be used 
in order to determine whether the torque a belt transmits exceeds the level that may be 
transmitted according to belt manufacturers recommendations. Mechanical power 
transmitted from a motor to a belt is proportional to the current drawn by the motor. If 
the power transmitted by a belt can be measured by monitoring belt vibration then the 
measured power may be evaluated in terms of the current drawn by the driving motor. 
If a discrepancy exists between the mechanical power actually transmitted by a belt 
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and the mechanical power measured by monitoring motor current then this may be 
indicative of a potential fault in the driving motor. 
Figure 3.4 is a plot of the magnitude of the difference in tension between slack side 
and tight side spans surrounding a belt pulley versus slippage. Figure 3.4 contains two 
plots of slippage v tension difference. In both cases the belt elasticity is constant. 
Visual inspection of the gradient of both plots highlights the fact that in the case of the 
relatively stiff MAM5E belt, the amount of slippage that occurs for a given change in 
the moment is much less than. in the case of the more elastic MA T02H, which thus 
demonstrates that the stiffer the belt the less sensitive slippage generated to elastic 
creep is to a given change in the moment transmitted to or from a belt. These plots 
were generated through the application of equation (3.1). 
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Figure 3.4: Plots of Tension Difference versus Belt Slippage for Two Belts of 
Differing Values of Elasticity 
3.2 Application of Tension Monitoring 
It has been shown that belt span tension may be measured in a stationary belt by 
measuring the resonant frequency of the span. As discussed in section 2.1.3 the 
resonant frequency of a belt span in motion is related to the tension of the moving 
span. Thus if the resonant frequency of a belt span is excited and both the resonant 
frequency and the span velocity is measured then the tension in the moving belt may 
be estimated through the application of equations (2.4) and (3.2), assuming also that 
one also has knowledge of the belt span length and mass per unit length of the belt. 
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In the following subsections the aspects of a belt that may be monitored by 
monitoring belt span tensions will be presented. Since belt tension may be measured 
via span vibration, the subsections also explain aspects of a belt that may be 
monitored by measuring belt vibration for the purposes of condition monitoring. 
3.2.1 Belt Vibration and Moment Exerted 
Indirect methods for measuring the power transmitted by a BPT system include motor 
current monitoring (Paulson, 1998) (Bacon and Stephens, 1994), the use of 
dynamometers (Swift, 1928) and as described in section 3.1 the measurement of 
elastic creep. One application of tension vibration measurement in belt spans is the 
direct measurement of the moment transmitted from belt to pulley or vice versa using 
belt vibration. The advantage of the application of belt vibration for measuring the 
moment transmitted from belt to pulley, and vice versa, is that no physical 
modification of the BPT system is required and no assumption regarding the 
consistency of the Young's modulus is required as is the case when measuring the 
moment by measuring elastic creep. 
Assuming Hooke's law applies then measuring tension in one span of a moving belt 
may be used to measure the moment transmitted from pulley to belt or vice versa 
through the application of equation (3.1). This may be used to test whether a belt is 
transmitting more torque than is recommended by the manufacturers in terms of the 
maximum tensile stress. Such measurement may also be used to determine whether 
the belt tension layer obeys Hooke's law. 
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3.2.2 Determination of Tension Layer Linearity 
If a belt in a BPT system obeys Hooke's law then tight side tension and slack side 
tension in a moving belt will be related via equation (3.7) (Hibbeler, 1989). If the belt 
material does not obey Hooke's law then the relationship defined in equation (3.7) is 
not valid. In order to test whether this relationship holds knowledge with regards to 
the tension of the tight span, the tension of the slack span and the initial tension 
(tension whilst belt is stationary) is required. This information may be extracted by 
measuring the resonant frequency of the tight side span, the slack side span, the 
velocity in both spans, the resonant frequency of any belt span when the belt IS 
stationary, belt span lengths, and the mass per unit length of the belt. 
The determination of whether or not the relationship stated by equation (3.7) holds, 
provides information regarding the tension layer of the belt. For example, Figure 3.5 
is the typical stress strain curve of a belt that possesses a tension layer consisting of a 
form of thermo plastic foil. Such belts are applied in the reader belt assembly of Royal 
Mail Group letter sorting machines. It is desirable that the initial tension of the belt is 
set such that when transmitting motion the tight side belt span is not stressed beyond 
the elastic region of the stress strain curve. If this occurs and the strain exceeds the 
level of yield elongation, then tension adjustment will be required and the belt will no 
longer obey Hooke's law. The consequence of the belt not obeying Hooke's law is 
that the prediction of the tight side and slack side tensions that occur when a given 
load is driven, cannot be carried out through the application of equation (3.1). 
Secondly, the measurement of tension through the procedure of measuring the 
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distance between two points of reference on the belt as described in (Mail, 2000) is no 
longer valid as the assumption of belt linearity is broken. Thirdly, the techniques of 
quantitatively measuring the moment transmitted and belt elasticity based on the 
techniques described in section 3.2.1 are no longer valid since the assumption of 
linearity is violated. 
If belt relaxation occurs and tension adjustment is required then the determination of 
belt linearity provides an indication of whether the belt has been stressed beyond the 
yield point. If the belt has been stressed beyond the yield point then the material is 
now in the region of plasticity. The presence of stress/strain non-linearity is also an 
event that occurs before rupture of the material or catastrophic failure of the belt. 
(3.7) 
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During the course of belt based power transmission the generation of heat through a 
number of mechanisms occurs; these include the generation of friction between belt 
and pulley, friction internal to the belt material that is generated when belt vibration or 
the flexing of the belt around a pulley occurs, and heat transmitted to the system from 
a driving motor or other component of the system. When a BPT system approaches 
operating temperature a number of phenomenon may occur that modify the 
parameters of the system such as the initial tension. These include the thermal 
expansion of pulleys, alteration of the temperature dependant mechanical properties of 
the belt (e.g. Young's modulus of polyurethane belts is dependent on temperature) 
and the occurrence creep (time dependency of strain in a material). The impact of 
either phenomenon depends on the properties of the material from which the 
components of the drive consist of and the system parameters. For example, creep 
becomes more pronounced if the parameters are set as such that a high homologous 
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temperature (ratio of material temperature to material meting point) occurs. Thus, 
during a 'run-in' period Hooke's law, in its strictest sense, for example, due to the 
time dependency of a variable such as the belt elasticity. 
3.3 Belt Condition Monitoring using One Pulley 
In the previous sections it has been shown that measurements of slippage due to 
elastic creep may be applied in order to monitor general and localised changes in belt 
elasticity. It has also been shown that under certain conditions, the moment 
transmitted from pulley to belt or vice versa may be monitored through measurement 
of slippage due to elastic creep. The magnitude of the measured moment is sensitive 
to both BPT faults that result in an increase in the frictional force generated by pulley 
bearings and the load transmitted by the belt. In section 3.3 in the review of literature 
on belt condition monitoring it has been highlighted that the coefficient of friction of 
the surface of the belt and the surface of a pulley may be measur~d through the 
application of the Capstan formula. This involves a belt transmitting a load to a pulley 
or vice versa such that full body slip occurs, measurement of the tight side span and 
the slack side span are then obtained and inserted in equation (2.6). 
The common element in all the cases described above is that information regarding 
belt condition such as localised tension layer faults is obtained measuring of the 
response of the belt to contact with a single pulley. The implication of this in terms of 
the condition monitoring of belts is that information regarding various aspects of the 
condition of the belt is obtained monitoring the response of the belt to one pulley. 
Theoretically one apply this method of belt condition monitoring regardless of the 
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complexity of the BPT system, with complexity defined in terms of the number of 
pulleys possessed by the system. 
This observation is particularly relevant for belt condition monitoring applications 
where detailed information regarding belt condition is required and cost or access to 
particular areas of the BPT system is an issue. An example of such an application is 
the condition monitoring of belts in letter sorting machinery since such machinery 
possesses multiple serpentine BPT systems. 
3.4 Fusion of Belt Sensors 
Redundancy is a notion applied in condition monitoring systems in order to increase 
confidence in conclusions drawn with regards to the system or component condition 
(Hannah et aI., 2001). Redundancy involves the application of two or more methods 
in order to monitor a single specific aspect of the component or to detect the specific 
condition. In an autonomous condition monitoring system the multiple measurements 
are combined and conclusions drawn within a framework that infers the condition of a 
component or system based on the measurements made via various means. 
In the prevIOUS section various methods have been discussed for measuring the 
moment transmitted from belt to pulley, the moment transmitted from pulley to belt 
and belt elasticity. Such measurements have been proposed based on the measurement 
of span tensions and the slippage that occurs between belt and pulley. Thus the 
application of two or more methods for monitoring the same aspect of a belt can be 
used to increase reliability of conclusions drawn regarding tension layer elasticity and 
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the moment transmitted within a framework of inference. The measurement of the 
magnitude of the moment transmitted through the measurement of driving motor 
current may also be combined with measurements of tension. If disagreement occurs 
this may also provide information with regards to a change in condition of the driving 
motor. 
It has been shown that power and tension modulus, tension distribution and localised 
tension layer faults may be measured using both slippage and belt vibration. Vibration 
and slippage may be used as a form of redundancy in order to reduce the risk of false 
alarm. This is a strategy utilised in some condition monitoring systems. 
3.5 Summary of Chapter 3 
In this chapter apriori knowledge regarding the condition monitoring of belts was 
generated by evaluating current knowledge on the mechanics of BPT systems within 
the context of belt condition monitoring. 
A model used to predict the magnitude of elastic creep that occurs in BPT systems 
was presented as the premise of arguments for using belt slippage as an aspect of a 
belt to be monitored for the purposes of belt condition monitoring. It was shown that 
belt slippage is both sensitive to changes in the elasticity of a belt and the moment 
exerted from belt to pulley and vice versa. In the case of the monitoring of the 
extensibility of the belt it was explained how belt slippage may be affected by non-
uniformities in belt extensibility and thus how such faults may be detected by 
monitoring slippage. In addition it was shown how the sensitivity of belt slippage to 
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changes in the extensibility of a belt is affected by both the magnitude of the tension 
difference between the slack and tight side of the belt and the rotational velocity ofthe 
driving pulley. 
In this chapter the applications of belt tension monitoring and hence vibration 
monitoring could be applied for the purposes of belt condition monitoring were 
discussed also. It was argued, using established models of BPT systems, that belt span 
vibration is an aspect of a belt that is sensitive to both the moment exerted from belt to 
pulley or vice versa and the occurrence of a non-linear relationship between belt 
tension and the belt strain. 
A discussion on how the current knowledge on the interaction between a belt and a 
pulley may be applied within the context of belt condition monitoring may be used to 
monitor the condition of a belt in both two pulley and serpentine BPT systems was 
presented. Finally, the condition monitoring of belts by monitoring multiple aspects of 
a belt simultaneously was discussed. 
The next chapter discusses a test rig that was utilised in order to observe belt vibration 
characteristics. 
Chapter 4 
Test Rig and Data Acquisition 
In the following chapters empirical knowledge regarding the characteristics of belt 
transverse vibration is presented. This was acquired by observing transverse vibration 
in a belt span of a two pulley BPT system described within this chapter. In the 
following chapters results are presented for a belt that that is not transmitting a 
mechanical load, other than the friction of the bearing pulleys, and in which slippage 
is assumed to be negligible. Information is provided as to how the various variables of 
a BPT system can be controlled in order to study empirically the relationship between 
these variables. A facet of the study involves the characterisation of belt vibration 
under the conditions described and the application of signal processing tools such as 
the discrete Fourier transform and joint time/frequency analysis for identifying the 
underlying mechanisms generating these characteristics. 
In this chapter section 4.1 discusses BPT system variables that one may take into 
consideration when acquiring experimental data regarding BPT systems. The two 
pulley system used in order to obtain belt vibration data consisted of a specially 
constructed test rig which is described in section 4.2; within this section the data 
acquisition system and sensors utilised during the process of acquiring data are 
discussed also. Section 4.3 discusses the methodology applied when acquiring BPT 
vibration data. Section 4.4 briefly discusses BPT systems in LSMs. 
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4.1 BPT Variables 
The following is a description of a subset of BPT variables that may be taken into 
consideration during the process of acquiring experimental data on belts and how they 
may be, or were controlled during the process of data collection. Chapter 3 and the 
analysis of acquired data presented in the following chapters may be viewed as the 
development of knowledge regarding the relationship between a subset of these 
variables within the context of condition monitoring. The list of variables includes 
belt velocity, belt tension, mechanical loading, slippage (driven pulley and driving 
pulleys), belt temperature, transverse vibration, pulley alignment, pulley eccentricity, 
coefficient of static fiction, coefficient of kinetic friction and environmental variables 
such as humidity. 
4.1.1 Belt Velocity 
The velocity of a belt depends on the velocity of the surface of the driving pulley. In. 
most cases the means of rotating the driving pulley consists of a device that converts 
energy into rotational motion such as an electric motor or combustion engine. The 
means to couple the rotational motion of the motor in order to induce rotational 
motion in the driving pulley include the various forms of belt drive as discussed in 
section 1.2 or a system of gears. The final velocity of the belt also depends on the 
slippage between the belt and the driving pulley; which in tum depends on belt 
tension, mechanical load and belt elasticity. During the data collection process 
described within the remainder of this chapter the means through which the motion 
was induced in the driving pulley consisted of a d.c. motor that was coupled to the 
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pulley via a V -belt system. The belt velocity was assumed to be constant during the 
data acquisition process. 
4.1.2 Mechanical Load 
The mechanical load driven by a BPT system may be defined as a force applied to one 
of the driven pulleys, the direction of which opposes the direction of rotation of the 
driven pulley. The magnitude of the load driven by a BPT system determines the 
difference between the tension in both spans in contact with the driving pulley. There 
are various methods of creating a controllable load in a BPT system. These include 
coupling the driven pulley with a torque producing electric motor using a belt as 
described in (Swift, 1928), or having the driven pulley consisting of the rotor of a 
torque producing motor. If one requires a load large enough to induce full body slip in 
a BPT system, then the coupling between the load and the driven pulley must be 
specified as such that slippage does not occur between the driving pulley and the 
torque producing motor. Another approach consists of applying pressure to material in 
contact with the surface of the pulley; using this method the mechanical load consists 
of the frictional force developed between the surface of the driven pulley and the 
surface of the material. Control of the magnitude of the friction load using this method 
involves controlling the normal force. Consideration must also be given to the 
coefficient of friction between the material and the driven pulley surface, the variation 
of the coefficient over time, and heat generation. If one desires to automatically 
compensate for drift in the coefficient of friction of the material this may be achieved 
by utilising direct measurements of the load driven by the BPT system (e.g. through 
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measurements of current drawn by the motor driving the driven pulley) within a 
control system. One way in which the friction generated between the surfaces of 
solids may be applied for the generation of a mechanical load includes the use of a 
disc braking mechanism. Another way in which the friction generated between the 
surfaces of solids may be applied for the generation of a mechanical load consists of 
compressing a section of a belt span between two segments of material and adjusting 
the pressure between the contacting surfaces as described in (Karanth et aI., 1994); 
this constitutes an undesirable method when the subject of study consists of belt 
vibration since the contact of material with a belt will affect the dynamics of the 
motion of the belt. In (Shirai and Keneko, 1993) Shirai describes a system for 
generating a mechanical load in a BPT system that consists of a fan attached to the 
driven pulley that generates a mechanical load through air resistance. 
The preceding describes the means through which one can perform controlled 
experiments involving BPT systems in which the relationship between mechanical 
load and another variable, such as elastic creep, is the focus of study. In the test rig 
described in the remainder of this chapter the mechanical load driven by the BPT 
system consisted of the friction between the inner/outer races of the pulley bearings 
and the ball bearings; the magnitude of the friction generated was assumed to be 
negligible. 
4.1.3 Belt Tension 
There exists a variety of means through which to control belt tension. These include 
the adjustment of the distance between pulleys or the use of idler pulleys. In the case 
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of idler pulleys, if the focus of study consists of a two pulley BPT system, then the 
addition of an idler pulley may affect the dynamics of aspects of the operation of the 
BPT system such as transverse vibration. There are a variety of means to measure belt 
tension as discussed in 2.3.1.2. 
The length of a belt and belt tension are related via the elasticity of the belt. In the test 
rig described in this chapter belt tension was controlled through the adjustment of the 
distance between the driving and the driven pulley. When acquiring data, belt tension 
was adjusted to the required tension and assumed to be constant. 
4.1.4 Environmental Variables 
During the process of the generation of friction all mechanical energy dissipates as 
thermal energy. This generated heat may affect belt tension through the generation of 
thermal expansion or by altering the belt elasticity. Heat is also generated in a BPT 
system due to the physical deformation of the belt when traversing either of the 
system pulleys. When acquiring data any change in belt properties due to the 
generation of heat was accounted for by allowing components to acquire operating 
temperature before any data acquisition took place. 
4.1.5 Slippage 
The occurrence of slippage affects belt velocity and generates heat. Slippage may be 
affected by belt elasticity and mechanical load. The measurement of slippage between 
belt and pulley involves the measurement of the velocity of both the belt and pulley. 
Slippage occurring between belt and pulley in the test rig due to elastic creep was 
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assumed to be negligible since the mechanical load transmitted by the belt was 
assumed to be negligible. Slippage due to shear creep was also assumed to be 
negligible since the belt carcass was thiri. 
4.2 Test Rig 
The test rig ( 
Figure 4.1) consisted of a two pulley BPT system in which the driving pulley itself 
was driven by a d.c.motor. Motion was transmitted from the rotor of the d.c. motor to 
the shaft constituting the driving pulley via a V -belt. This motor was manufactured by 
Leeson, model number: CI4D34FTIB. The velocity of the rotor was controlled by a 
linear closed loop feedback system that could be used to adjust the velocity of the 
driving pulley between 0 and 4.87 ms- I . Motion was transmitted from the driving 
pulley to the driven pulley using a Habisat manufactured flat belt, model number: 
MAT -02H. Further specifications of the belt used may be found in Table 4.1. In Table 
4.1 the tension modulus (Young's Modulus) of the belt is expressed as Newton per 
square metre, and the value of the modulus is as such that 5.625 Newtons of tension is 
required to elongate the belt by 1 %. Equation 4.1 may be used to calculate the elastic 
modulus where denotes (J stress, G denotes strain, T denotes tension, A denotes cross 
sectional area, I1L denotes change in length, and L denotes length before the 
application of tension. 
y = Stress = (j = T / A 
Strain & 11L/ L 
(4.1) 
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Belt tension was adjusted by altering the distance between the driving pulley and the 
driven pulley. This was done by mounting the plate on which the driving pulley was 
mounted on linear slides. The position of the plate along the length of the linear slide 
was adjusted through the use of a ball screw assembly. 
Table 4.1: Parameters of the Flat Belt 
Belt width 
Tension Modulus 
Belt Thickness 
Motor 
Controller 
Driving 
Motor 
(d.c.) 
V-Belt 
Driving 
Pulley 
Pulley 
Velocity 
Sensor 
Vibration 
Sensor 
0.05m 
8035714.29 N/m2 
0.0014 m 
Driven 
Pulley 
PC 
Data 
Acquisition 
Card 
Figure 4.1: System Diagram of the Test Rig 
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Figure 4.2: Test Rig 
4.2.1 Sensors 
Belt vibration was measured by obtaining information regarding the transverse 
displacement of the belt using an infra-red based belt vibration transducer shown in 
Figure 4.3. This transducer operated by measuring the intensity of modulated infrared 
light reflected from the surface of the belt. The manufacturer of this particular 
transducer is Integrated Display Systems based in Newcastle in the UK. This vibration 
transducer, according to manufacturers data, measures cyclical belt displacement in 
the frequency range of 4-400 Hz. Appendix III consists of a plot of displacement 
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versus measured senor output (in terms of percentage of full scale output) that was 
obtained using a mechanical shaker. The latter was measured in order to measure the 
linearity of the sensor. The transducer was situated such that it measured transverse 
vibration in the centre of the belt span. 
The velocity of the driving shaft was measured through the use of an infrared based 
tachometer. This was implemented through the use of an opto-switch (Figure 4.4) and 
a 21 bit counter that was incremented by a digital waveform with a frequency of 
20Mhz. 
The vibration sensor mounting consisted of a standard laboratory clamp stand. The 
base of the clamp stand was situated on top of an iron bedplate on which the BPT 
system was mounted also. The bedplaie provided isolation of the vibration sensor 
mounting from the BPT system vibration due to its large mass and stiffness. If 
vibration of the sensor mounting occurs then this may introduce artefacts in the belt 
vibration measurements. A reason for such artefacts arising consists of vibration 
occurring in the pulley sensor such that the distance between pulley and belt varies 
also due to sensor vibration, as well as transverse vibration in the belt. If vibration 
occurred in the belt sensor the amplitude of the vibration was such that it could not be 
detected with the naked eye whereas the belt transverse vibration increased visibly at 
all belt velocities. Such vibration may be accentuated if the frequencies of the belt 
vibration matches that of metal rod of the clamp stand from which the sensor 
protrudes. Ways of quantitatively measuring sensor vibration includes mounting an 
accelerometer on the vibration sensor whilst the belt is in motion or measuring 
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vibration levels when the belt is in motion but the sensor measures the distamce 
between the sensor and a reference such.as a block of metal. 
Figure 4.3: Belt Vibration Transducer 
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Figure 4.4: Driving Pulley Velocity Sensor 
4.2.2 Data Acquisition 
Data was acquired from the output of the vibration transducer by measuring the output 
voltage of the sensor periodically over a fixed time interval and storing the measured 
voltages in a vector. The variable Xj denotes the /h element of the vector where the /h 
sample is stored, Xj = Xt,x2,x3 ••. .• x] where 1 <jCJ. The length of the period between the 
acquisition of successive samples was Ts = O.OOOls which corresponds to a sampling 
rate of 10,000 samples/second. Each set of belt vibration data consisted of all the 
samples acquired over a time interval of 10 seconds, hence Xj consisted of J = 100,000 
elements. The resolution of the hardware used to perform the analogue to digital 
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converslOn was RADC = 12 bits. Thus for each data set acquired the individual 
elements ofxj can be characterised as follows: OCxj<4095 andjO<jCl05• 
The hardware utilised in order to achieve this was a National Instruments data 
acquisition card, the model number of this card was NI6024E. The data acquisition 
process was controlled using a laptop PC which was also used to store the samples of 
the vibration data acquired by the ADC. The data acquisition card interfaced with the 
PC via a PCMCIA interface. A ribbon cable connected the data acquisition card in the 
PCMCIA port of the PC to a connector block; wires through which output signals for 
the sensors propagated interfaced with the connector block via screw terminals. 
4.3 Experimental Methodology 
The data on belt transverse vibration described in the following sections was acquired 
as follows. A quantity of numerical sets (M) was acquired. In all cases in which belt 
vibration data was acquired the belt was moving at a constant velocity. M sets of belt 
transverse vibration were acquired at N different speeds, Vbn = Vbl, Vb2 ....... VbN where Vbn 
denotes the nth value of belt velocity for which data was acquired such that O<nCN. 
This procedure resulted in the generation of M*N data sets each of which is denoted 
by dm,n where m denotes the mth data. set acquired at belt velocity n and where n 
denotes the nth belt velocity such that O<mCM and O<nCN. 
The M*N data sets were acquired in the following stages: 
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Stage 1: With the belt travelling at velocity Vbl one set of vibration data, consisting of 
100,000 samples, was acquired hence data set dm,1 was acquired. The belt velocity 
was then incremented to Vb2 in order to acquire data set dm,2. This procedure was 
carried out for the following N = 10 cases Vbn = {O, 0.67,1.12,1.67,2.13,2.63,3.16, 
3.68, 4.22, 4.89} ms- I . These values of pulley velocity corresponded to equidistant 
intervals on the velocity scale ofthe controller of the d.c. motor. 
Stage 2: After data set dm,IO was acquired the velocity of the belt was set to Vbl again 
and then data was acquired from the belt in order to obtain dm+l,n. 
Stages 1 and 2 were repeated until m = M=10 and data set dlO,IO was acquired. 
4.4 LSM BPT Systems 
The following types of flat belt drive may be found in Royal Mail letter sorting 
machinery. These include flat belt drives in which the width of the belt runs 
orthogonal to the horizontal plane, twisted belt drives, and those in which the plane of 
the width is aligned with the horizontal plane. The first type is applied for the 
transportation of mail. Twisted belt drives are used to transmit motion from a driving 
pulley to a driven located perpendicularly to the driving pulley. 
With regards to transverse vibration of belts in letter sorting machinery it was 
observed that belts used for letter transportation were in contact; this contact forms a 
mechanism through which vibration in a BPT system may be excited by vibration 
occurring in an adjacent BPT system. Other qualitative observations regarding the 
environment within an LSM includes the presence of paper dust and the fact that 
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certain belts such as those found in the letter reading section of an LSM are exposed 
to the output of manufactured sources of ultraviolet light. Since UV light accelerates 
the degradation of certain materials then the sources of UV light form a possible 
source of belt wear acceleration. 
4.5 Summary of Chapter 4 
In this chapter a test rig, that was used to observe belt transverse vibration and test 
belt monitoring instrumentation, was described. The chapter discussed various BPT 
variables and their measurement, the layout of the test rig, the instrumentation applied 
for the measurement of BPT variables, and the methodology applied for acquiring 
data from the rig. 
The following chapters discuss results generated usmg this test rig. Chapter 5 
discusses the measurement of span resonance frequency in moving belts, a description 
of the characteristics observed in the test rig belt vibration, and how these 
characteristics may be applied as features for belt condition monitoring. 
Chapter 5 
An Investigation into the 
Characteristics of Belt Transverse 
Vibration 
The aim of this chapter is to present observation of the characteristics of the amplitude 
spectrum of transverse vibration in a moving belt span. 
In the first section of this chapter, change in the characteristics of belt vibration power 
in response to a change in belt velocity is investigated. In the second section the 
results of an investigation into the feasibility of measuring the resonant frequency of a 
moving belt span that has not been subjected to any form of external excitation are 
presented. In the third section the results of an investigation into the extraction of the 
resonant frequency of a moving belt span, in the case where the span has been excited 
by an impulse, are presented. The fourth section of this chapter presents the results of 
an investigation into the general characteristics of the amplitude spectrum of the 
transverse vibration of a moving belt span. In this section, the presence of a 
correlation between features of the amplitude spectrum and other parameters of the 
BPT process such as the rotational frequency of the belt are presented. The fifth 
section discusses how the findings of the third section of this chapter may be applied 
in order to detect belt slippage by monitoring certain features of the amplitude 
spectrum of belt transverse vibration. 
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5.1 Belt Velocity and Transverse Vibration Power 
In this section the response of the power of transverse belt vibration to a change in 
belt velocity is investigated. A decrease in belt velocity may occur due to the 
occurrence of slippage in a BPT system. Excessive slippage may occur due to a 
decrease in initial belt tension that leads to the occurrence of full body slip, reduction 
in the coefficient of friction of the belt caused by wear of the friction layer, or to 
changes in the belt elasticity and torque transmitted by a belt. 
5.1.1 Definition of Signal Power 
When a belt span vibrates in the transverse direction there occurs a continuous 
exchange of energy between elastic potential energy (which is stored in the belt span) 
and kinetic energy (Tipler, 1999). A measurement of belt displacement over time and 
the mass of the belt allows one to quantitatively specify at any point in time the 
distribution of energy between the elastic potential form and the kinetic form. One 
way of considering the output signal of a linear transducer, converting vibration 
energy to electrical energy, is as a measurement of the vibration energy subjected to a 
scaling factor. The average energy dissipated as vibration over time is the vibration 
power. The energy of the output signal of a vibration transducer averaged over time is 
a measure of signal power and is a scaled quantification of the vibration power. A 
measurement of the power of the sampled output signal of any form of transducer is 
given by equation (5.1). Equation 5.1 specifies the equation for calculating the root 
mean square (r.m.s.) value of a series, an alternative view of equation 5.1 within the 
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context of a displacement transducer consists of viewing equation 5.1 as a measure of 
the central tendency of displacement values. 
(5.1) 
5.1.2 Analysis of Vibration Power 
Figure 5.1 consists of a plot of belt velocity versus vibration r.m.s. power. Each point 
plotted in Figure 5.1 was derived by obtaining the median value of the power of the 
10 sets of transverse vibration data captured at the belt velocity defined by the x-
coordinate of the point. The upper and lower error bars on each. median value 
respectively signifies the third and first quartiles of the r.m.s. values. The plot shows 
that generally belt vibration power increases with belt velocity. 
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Boxplot of Vibration Power Versus Belt Velocity 
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Figure 5.1: Boxplot of Change in the Belt Span Transverse Vibration Power in 
Response to Increasing Belt Velocity 
5.1.2.1 Belt Vibration Power Proportional Fit 
A proportional fit was carried out on the data summarised in Figure 5.1. A plot of the 
resulting linear fit is shown in Figure 5.2. A measure of the goodness of fit between 
the data and the straight line best fit in the least squares sense was calculated using 
equation ? Equation? calculates the Pearson correlation coefficient. 
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f)-I I ( X dala ( d) - X dala ) ( Ydala ( d) - ~ala ) 
r = ----;=::::!d:;::-~O=============== 
f)-I f)-I 
I ( X dala ( d) - X dala ) 2 I ( Ydala ( d) - ~ala ) 2 
(5.2) 
d=O d=O 
A r value of 0 indicates the poorest possible fit between the line and the data and thus 
values of the y-axis cannot be predicted from information regarding the x-axis. A r 
value of 1 indicates the best possible fit between the data and the linear equation fitted 
to the data and thus values of the y-axis may be determined from the nUmerical values 
of the x-axis, in the case of the proportional fit presented in Figure 5.2 r = 0.88. 
This result indicates that over the range of belt velocities for which belt vibration 
power was acquired there is an approximate linear relationship between transverse 
vibration power and belt velocity. The formula of the linear fit is given by equation 
(5.3). 
Normalised Vibration Power = 0.22 x Belt Velocity (5.3) 
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Boxplot of Vibration Power Versus Belt Velocity 
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Figure 5.2: Plot of Change in the Belt Span Transverse Vibration Power in 
Response to Increasing 'Belt Velocity with Linear Fit 
5.2 Frequency Analysis 
5.00 
The purpose of this section is to present an analysis of the amplitude spectrum of belt 
span vibration in the case of a moving belt. In the first section results are presented of 
an investigation into whether the resonant frequency of the moving belt could be 
extracted from an estimate of the amplitude spectrum of the transverse vibration. In 
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the second section the results of an investigation into the characteristics of the main 
peaks of the estimated power spectral density are presented. 
5.2.1 Estimation of the Amplitude Spectrum of the Belt Transverse Vibration 
M*N = 100 sets of belt transverse vibration data were acquired from a belt travelling 
at a constant velocity on a test rig described in Chapter 4, under the conditions also 
described in Chapter 4. The amplitude spectrum of each of the 100 data sets was 
estimated using the Fast Fourier Transform (FFT). Additional details on the 
implementation of the FFT may be found in (lfeachor and Jervis, 1993). The 
resolution of the spectra resulting from the application of the FFT to the data was !1f= 
0.1 Hz. The frequency spectra of each data set is denoted by sp(dm,n)' 
The magnitude of the largest 20 peaks in the amplitude spectrum were extracted from 
each instance of sp(dm,n) using a peak detection algorithm. It was found that the 
majority of the signal energy was contained within the 20 highest amplitude 
components. The peak detection algorithm functioned by detecting the point in 
between changes in the direction of signal gradient. The scalar values extracted from 
each data set were used to generate 100 vectors (a vector for each data set) containing 
20 elements, each of these vectors are denoted by Pn,m' In the symbol for each vector, 
'n' denotes the belt velocity, Vbn, for which the vector was generated. Denoted by m, is 
the mth data set acquired at belt velocity Vbn 
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5.2.2 Measurement of the Resonant Frequency of a Moving Belt Span not 
Excited with an Impulse 
The resonant frequency of a stationary belt span is non-linearly related to belt tension 
as discussed in section 2.1.3. This is also true of a belt in a BPT system that is 
transmitting motion, as discussed in section 2.1.3.2. Thus belt tension in a moving belt 
span may be measured if the resonant frequency of the moving belt and other 
variables as discussed in section 2.1.3.2 are known. 
In this section the results of an investigation into the excitation of the resonant 
frequency of a moving belt span are presented. Vibration data was acquired in the 
case where the belt span was not subjected to direct excitation from sources external 
to the BPT system. This investigation consists of three segments: firstly it was 
determined whether belt span vibration at the resonant frequency of the moving belt 
was the frequency component with the highest amplitude, secondly a quantitative 
comparison between the amplitude of vibration at the resonant frequency of the 
moving belt with the highest amplitude frequency components was carried out, thirdly 
the rank of the resonant frequency of the moving belt, in a vector consisting of the 
amplitude of all the extracted frequency components sorted in descending order, was 
calculated. 
In the following sections the frequency referenced to the term the 'resonant frequency 
of the moving belt' is adjusted accordingly in order to take into account the velocity 
dependency of the resonant frequency of a moving belt. The resonant frequency of the 
moving belt span was referenced according to the values plotted in Figure 5.4. 
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5.2.2.1 Determination of whether the Resonant Frequency of the Moving belt 
Span is the Highest Amplitude Frequency Component 
The aim of this section is to present the results of an investigation into whether 
transverse vibration in a moving belt span at the resonant frequency of the moving 
span constitutes the highest amplitude frequency component of the vibration. This 
investigation was carried out by performing a quantitative comparison between the 
amplitude of the frequency component corresponding to the resonant frequency of the 
moving belt and the average amplitude of the twenty largest peaks in the amplitude 
spectrum of each of the acquired data sets. 
The result of this investigation was the highlighting of the fact that the belt transverse 
vibration at the resonant frequency of the moving belt span was not the largest 
frequency component. 
5.2.2.1.1 Methodology 
The comparison was carried out as follows. The resonant frequency of the stationary 
belt was measured by applying an approximation of a unit impulse to the stationary 
belt span and determining the largest harmonic of the vibration using the FFT; the 
resonant frequency of the stationary span was 14.6 Hz. When the belt was in motion, 
the magnitude of the load driven by the belt was determined by the friction in the 
pulley bearings which was considered to be negligible and thus the difference in 
tension between the slack and tight side span was assumed to be negligible; P = 0, T\ 
= T2• 
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The amplitude of the theoretical resonant frequency of the moving belt span was 
extracted from each of the N*M instances of sp(dm,n). Each of these values were 
inserted into a MxN matrix denoted by resn,m. The variable n in the symbol denotes 
the matrix row that contains the amplitude of the moving belt span resonant frequency 
of the M data sets captured at the nth belt velocity. The variable m in the symbol 
denotes the matrix column that contains the resonant frequency of the moving span 
extracted from the mth data set acquired at each of the N=10 belt velocities .. 
The average of the values contained within the 100 instances of vector P n,m were 
obtained and inserted into a matrix denoted by Pavn,m. The variable represented by n 
in the symbol Pavn,m refers to the matrix row that contains the average of the 
amplitude of the twenty largest peaks in the amplitude spectrum of each of the M data 
sets captured at the nth belt velocity, such that nV{nVe:0<nC(10)}. The variable 
represented by m in the symbol Pavn,m'refers to the matrix column that contains the 
resonant frequency of the moving span extracted from the mth data set acquired at 
each of the N belt velocities. 
The magnitude of the average of the largest twenty peaks in the amplitude spectra 
were compared to the magnitude of resonant frequency of the moving belt span 
through the application of equation (5.4); this equation subtracts the mean of the 
amplitude of the first twenty peaks from the amplitude of the resonant frequency of 
the moving belt span. 
di.J.!n,m = resn,m - Pavn,m (5.4) 
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If an element of diffn,m is positive, this indicates that in the case of the data set for 
which that element contains information, the amplitude of the resonant frequency of 
the moving span is larger than the average amplitude of the 20 largest peaks. 
However, this does not indicate that the belt resonant frequency of the moving belt 
span is the largest amplitude frequency component in the vibration signal stored in the 
data set. If an element of diffn,m is negative this indicates that in the case of the data set 
for which that element contains information the average amplitude of the 20 largest 
peaks is less than the amplitude of the resonant frequency of the moving belt span. A 
negative value also indicates that the moving belt resonant frequency cannot be the 
largest amplitude frequency component. 
5.2.2.1.2 Results 
The results of the application of equation (5.4) are presented in Table 5.1. All 
amplitude difference values presented in the table are expressed in volts. As may be 
predicted by the findings presented in section 5.2.7 the first row of values in the table 
consists of positive values. In the third row of values of the table 5% of the values 
contained in those cells were positive. Rows 4 to 9 in the table consist of negative 
values. Hence, when the belt span was travelling between 1.67 ms- I and 4.89 ms- I , the 
amplitude of the resonant frequency did not exceed the average amplitude of the 
twenty largest peaks. Thus when the belt velocity was travelling at a velocity between 
1.67 and 4.89 ms- I spectral components other than the resonant frequency of the 
moving belt were dominant in the amplitude spectrum of the acquired belt transverse 
vibration. 
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The proposition supported in the results stated above is if one attempted to extract the 
resonant frequency of the moving belt span, by assuming that the frequency of largest 
amplitude vibration component and the resonant frequency of the moving belt were 
equivalent. Then, this could lead to a high probability of error in the estimation of the 
resonant frequency of the moving belt (e.g. 100% if Vb ~ 1.67 ms- I ). This point is 
illustrated in Figure 5.3 which shows the normalised amplitude spectrum of a data set 
acquired when Vb =3.68 ms- I . 
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Vb 
Table 5.1: Difference between the Amplitude of the Moving Belt Span Resonant 
Frequency and the Average Amplitude of the Largest 20 Vibration Components 
dif/n.t dif/n.2 dif/n,3 dif/n.4 difln.s difln.6 dif/n.7 dif/n.8 difln.9 difln.tO 
(ms"t) 
0.67 0.28 -0.01 0.79 0.08 0.21 0.19 0.15 0.14 0.01 0.06 
1.12 -0.06 -0.05 -0.03 -0.05 -0.07 0.04 -0.04 0.06 0.51 0.74 
1.67 -0.1 -0.11 -0.11 -0.12 -0.09 -0.14 -0.12 -0.14 -0.05 -0.13 
2.13 -0.15 -0.17 -0.12 cO.17 -0.16 -0.16 -0.2 -0.19 -0.05 -0.13 
2.63 -0.21 -0.19 -0.24 -0.19 -0.14 -0.17 -0.1 -0.22 -0.24 -0.21 
3.16 -0.13 -0.23 -0.12 -0.1 -0.11 -0.1 -0.22 -0.12 -0.24 -0.23 
3.68 -0.32 -0.32 -0.29 -0.3 -0.31 -0.31 -0.31 -0.32 -0.31 -0.32 
4.22 -0.37 -0.43 -0.35 -0.36 -0.35 -0.32 -0.33 -0.36 -0.34 -0.35 
4.89 -0.36 -0.35 -0.32 -0.33 -0.34 -0.32 -0.34 -0.26 -0.33 -0. 
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5.2.2.2 Moving Belt Resonant Frequency Magnitude Comparison 
In this section the magnitude of the peak in the amplitude spectra that corresponds to 
the resonant frequency of the moving belt span, as it travels at various velocities, is 
compared quantitatively to the average magnitude of the largest 20 peaks in the 
amplitude spectrum of the vibration. 
5.2.2.2.1 Methodology 
This comparison was performed by obtaining the percentage difference between the 
amplitude of the resonant frequency of the moving belt span and the average of the 
twenty largest peaks in the amplitude spectrum of each vibration data set. This was 
achieved through the application of equation (5.5). Equation (5.5) divides the value 
stored in each element of Pavn,m with the value stored in the corresponding element of 
reSn,m. Each percentage value calculated was inserted into a matrix denoted by 
diffresn,m. 
The variable n in the symbol denotes the matrix rows, the matrix rows contain the 
percentage difference between both quantities extracted from M sets of belt vibration 
data in the case where the belt was travelling at the nth velocity: (nl) {nl) e:O<nC(1 0)). 
The variable m in the symbol denotes the matrix columns, the matrix columns contain 
the percentage difference between both quantities extracted from the mth set of belt 
vibration data acquired at each of the individual N belt velocities: 
(ml) {ml)e:O<mC(1 0)). 
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PaVnm diffresnm = ' xlOO (5.5) 
, resn,m 
5.2.2.2.2 Results 
Table 5.2 contains the M percentages extracted at belt velocities denoted by Vbn. The 
table rows contain the N percentages extracted from the mth data subset acquired for 
each of the belt velocities. 
Table 5.2 shows that in the cases where the belt was travelling at over 1.12 ms- I , the 
amplitude of the dominant frequency components of the transverse vibration are much 
larger than the amplitude of the resonant frequency of the moving belt. The average of 
the values presented in Table 5.2 is 796 %. 
This result indicates that when the belt was in motion, or at least travelling over 1.12 
ms- I , components other than the moving belt resonant frequency are dominant. Thus 
the task of extracting information regarding the resonant frequency of the moving 
belt, in the case where the belt is in motion, may be viewed as an example of a 
problem in which one desires to extract information signal in the case where the 
relevant signal is buried within a non-negligible level of unwanted noise. There is also 
the potential for spectral overlap between the signal of interest and the noise. Sections 
5.2.5 shows that this noise is present in the amplitude spectrum both to the left and to 
the right of the resonant frequency of the moving belt span. 
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Table 5.2: Percentage Difference between the Amplitude of the Resonant 
Frequency of the Moving Belt and the Average Amplitude of the 20 Highest 
Vibration Components 
Vb 
diffresn.1 diffresn.2 diffresn,J diffresn,4 diffresn.5 diffresn.6 diffresn.7 diffresn.8 diffresn.9 diffresn.IO 
(ms·l ) 
0.67 233.09 836.3 57.43 280.88 204.17 2893 969.2 2761.8 2638.2 648.6 
1.12 1403.7 163.7 195.9 1338.6 3070.5 672.79 186.1 2387.1 2341.2 935.89 
1.67 391.82 137.5 439.5 689.1 1134.8 172.16 422.9 1641.6 1585.2 1534.6 
2.13 98.36 92.62 184.8 1946.3 641.02 315.35 147.2 1263.3 1157.3 737.52 
2.63 383.47 82.91 772.1 451.44 513.76 174.37 126.1 2656.8 2987.9 1348.2 
3.16 466.84 119.2 298.1 935.74 448.02 233.15 89.3 2136.3 2369 799.22 
3.68 123.51 11.55 145.1 268.54 111.55 524.52 71.16 668.75 828.44 392.89 
4.22 54.81 130.2 184.8 112.82 108.1 147.14 102.2 983.57 689.75 315.42 
4.89 19.22 5.41 49.46 28.44 57.25 77.22 11.31 83.91 138.74 65.02 
5.2.2.3 Moving Belt Resonant Frequency Position 
In this section the results of an investigation into whether belt vibration at the resonant 
frequency of the moving belt is present amongst frequencies extracted by a peak 
detection algorithm are presented. If the resonant frequency of the moving belt is 
present in the extracted peaks, then it is ranked amongst the peak magnitudes sorted in 
descending order. The motivation of this investigation is to determine whether the 
amplitude of the resonant frequency of the moving belt may be measured by 
extracting the xth largest peak of the amplitude spectrum where x is a constant. 
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5.2.2.3.1 Methodology 
The investigation was carried out by applying a peak detection algorithm to each of 
the 100 instances of sp(dm,n)' For each instance of sp(dm,n) two vectors were created: 
one vector contained the magnitudes of the peaks extracted by the peak detection 
algorithm and is denoted by pmagn,m, the second vector contained the frequencies 
represented by the peaks extracted by the peak detection algorithm and is denoted by 
pfreqn,m. The length of each instance of both types of vector varied because the 
number of peaks detected by the peak detection algorithm was non-constant since this 
was dependant on which particular instance of sp(dm,n) the algorithm was applied to. 
The elements of each instance of pmagn,m were sorted in descending order. The 
frequency vector pfreqn,m was sorted such that each element contained the frequency 
of a vibration component, for which magnitude information was stored in pmagn,m, 
under the same index number. The index number of each element of pfreqn,m indicated 
the rank (in terms of amplitude) of the frequency value contained within the element. 
Rank refers to the place, in terms of the amplitude of a frequency component, within 
the vibration amplitude spectrum. For example, the frequency component with rank 1 
would have largest amplitude and the component with the lowest rank would consist 
of the component with the lowest amplitude. 
For each instance of pfreqn,m a search for the presence of a value that corresponded to 
the resonant frequency of the moving belt span was undertaken. If the resonant 
frequency of the moving belt was present in p!reqn,m, the index number of the element 
containing the resonant frequency of the moving belt indicated the rank of the 
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amplitude of the resonant amongst the peaks extracted by the peak detection 
algorithm. The index number of the resonant frequency of the moving belt within an 
instance of pfreqn,m is denoted by pOSn,m. If no elements of a particular instance of 
pfreqn,m did not contain a value corresponding to the value of the resonant frequency 
of the moving belt, then for that particular instance of pfreqn,m, POSn,m = o. 
5.2.2.3.2 Results 
The results of this investigation are presented in Table 5.3. Each element of Table 5.3 
contains the value of POSn,m for a particular instance of pfreqn,m. If the resonant 
frequency of the moving belt was consistently the xth largest vibration component, 
then all the elements of Table 5.3 would have contained the value x and the standard 
deviation of the contents of Table 5.3, denoted by (J(posn,m), would equal o. 
For Table 5.3 (J(posn,m)= 47.93, this indicates that the rank of the amplitude of the 
resonant frequency of the moving belt, amongst the main frequency components of 
the belt span transverse vibration, was non-constant (by rank one refers to the position 
of the resonant frequency if the frequency amplitudes were sorted in descending or 
ascending order). 
This result suggests that estimating the resonance frequency of the belt using an 
algorithm detecting solely the xth peak in the amplitude spectrum, where x is a 
constant, would have resulted in an estimate with a high probability of error 
associated with it. 
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Table 5.3: Rank of the Amplitude of the Moving Belt Span Resonant Frequency 
in the Vibration Amplitude Spectrum (1 = Highest Rank), (0 = Resonant 
Frequency Not Present in sorted p/reqn,m) 
Vb 
POSn,t POSn,2 POSn,J POSn,4 pOSn,S IROSn,6 pOSn,7 POSn,8 pOSn.9 pOSn.tO 
(ms- t ) 
0.67 1 2 1 1 2 1 2 2 2 2 
1.12 0 2 3 0 48 0 26 1 1 1 
1.67 33 35 40 74 38 0 49 0 2 0 
2.13 56 36 27 50 43 47 55 98 11 9 
2.63 47 42 71 0 0 48 35 0 93 0 
3.16 0 0 23 16 19 13 33 16 0 0 
3.68 92 206 124 150 96 68 79 95 103 183 
4.22 0 109 78 123 81 106 61 118 157 167 
4.89 62 0 56 74 98 47 84 55 0 0 
5.2.3 Measurement of the Resonant Frequency of a Moving Belt Span Excited 
with an Impulse 
The results presented in the previous section indicated that when the belt was in 
motion vibration components higher in amplitude than vibration at the moving belt 
resonant frequency were present. An implication of this is that when one attempts to 
determine the resonant frequency of the moving belt from the amplitude spectrum of 
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vibration one must do so in the case where the component of interest is buried within 
noise components i.e. where the signal of interest consists of vibration at the resonant 
frequency of the moving belt and the noise components consist of frequency 
components in the signal other than the resonant frequency of the moving span. This 
is analogous to the case where one must find the frequency of a sinusoid in a signal 
with a low signal to noise ratio. 
In this section vibration in a moving belt, in the case where the belt has been excited 
by an impulse whilst the belt is in motion, is analysed in the frequency domain. The 
analysis involves the measurement of the frequency of the largest amplitude 
frequency component and comparing this frequency with the resonant frequency of 
the moving belt predicted using equation (2.4). 
5.2.3.1 Methodology 
When the belt was in motion a belt span was excited by an approximation of a unit 
impulse. This occurred when Vb = 0, 0.67, 1.12, 1.67,2.13,2.63,3.16,3.68,4.22,4.89 
ms- I . The approximation to a unit impulse was generated by manually striking the belt 
with a metal rod. The force of the impulse varied between measurements since the 
force of the impulse was measured subjectively, thus uncertainty existed regarding the 
force of the impulses applied. The resonant frequency of a moving belt span depends 
on both belt tension and belt velocity; equation (2.4) was applied in order to calculate 
the resonant frequency of the moving belt span for each value of Vb. When data was 
acquired from the moving belt excited by an impulse, the tension in the belt whilst 
stationary was set to 12.1 Hz (in the sections that discuss results obtained for moving 
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belt not excited by an impulse the resonant frequency of the stationary belt whilst 
stationary was set to 14.6 Hz). The amplitude spectrum of each data set was 
calculated and the value of the frequency component with the highest amplitude 
extracted. The frequency of the spectral component with the highest amplitude was 
then compared to the resonant frequency of the moving belt span (calculated using 
equations (2.4) and (2.5)). This comparison was carried out by calculating the 
percentage difference between the extracted frequency and the predicted belt resonant 
frequency of the moving belt span. 
5.2.3.2 Results 
The results of this investigation are presented in Table 5.4. For each belt velocity, 
Table 5.4 contains the average amplitude of the highest amplitude component in the 
frequency spectra. The table also contains the predicted resonant frequency of the 
moving belt for each belt velocity. The average of the difference between the 
frequency of the highest amplitude vibration component and the predicted resonant 
frequency of the moving belt was 0.035 Hz; the maximum value of the difference was 
0.07 Hz. In all cases the difference was less than the minimum difference that could 
be detected using the amplitude spectrum (0.1 Hz). 
Figure 5.4 consists of a plot of belt velocity versus the frequency of the largest 
amplitude component and the resonant frequency of the moving belt span predicted 
by equation (2.4). 
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Table 5.4: Comparison of Largest Ainplitude Component of Moving Belt Span 
Vibration with Predicted Moving Belt Resonant Frequency 
Extracted Predicted Difference Vb Frequency Frequency 
0 12.10 12.10 0 
0.67 12.10 12.08 0.02 
1.12 12.10 12.04 0.06 
1.67 12.00 11.96 0.04 
2.13 11.90 11.88 0.02 
2.63 11.70 11.76 -0.06 
3.16 11.60 11.61 -0.01 
3.68 11.40 11.44 -0.04 
4.22 11.20 11.23 -0.03 
4.89 11.00 10.93 0.07 
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Figure 5.4: Plot of Belt Velocity Versus Highest Amplitude Frequency 
Component and Moving Belt Resonant Frequency Predicted Using Equation 2.4 
5.2.4 Moving Belt Resonant Frequency Extraction 
When measuring the value of the resonant frequency of a moving belt span from 
measurements of belt vibration, the task involves recovering the frequency of a single 
sinusoidal component buried in noise. This section describes a frequency domain 
method, which in the case of the data acquired, increased the ratio of the amplitude of 
the resonant frequency of the moving belt and the average amplitude of the additional 
'noise' components. This method involves calculating the amplitude spectrum of belt 
vibration when no impulse to the belt span has been applied and calculating the 
amplitude spectrum of the vibration of the span after an impulse has been applied, the 
former amplitude spectrum is then subtracted from the latter. 
Chapter 5: An Investigation into the Characteristics of Belt Vibration 145 
One possible advantage of this technique involves reducing the amplitude of the 
excitation of a moving belt required when measuring belt tension. Any deceases in the 
amplitude of the excitation reduces the contribution of the measurement to belt 
fatigue. 
5.2.4.1 Methodology 
The method involved calculating the amplitude spectrum of a moving belt span not 
excited by an impulse (vibnoimp(f)) and subtracting vibnoimp(f) from the amplitude 
spectrum of the belt span vibration resulting from the application of a unit impulse 
(vibimp(f)); the resulting array is denoted by vibdiiJj). This method is described in 
equation (5.6). The velocity of the unexcited belt and the belt excited with an impulse 
must be equal. 
In order to quantitatively assess the effectiveness of the technique, the ratio of the 
amplitude of the resonant frequency of the moving belt span (vibd!lJif,.es)) to the 
average amplitude of the remaining components of vibdiiJj) (av(vibdiiJj)) was 
compared to the ratio of the moving beit span resonant frequency amplitude possessed 
by vibimp(f) (vibimp(fres)) with the average amplitude of the remaining components of 
vibimp(f) (av(vibimp(f))). The former ratio is denoted by vibdiff,.atio and its calculation is 
described in equation (5.7). The latter ratio is denoted by vibdiff,.alio and its calculation 
is described in equation (5.8). The comparison between both ratios was carried out by 
calculating the percentage difference between them with respect to vibimpralio. 
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The application of the method and the effect of the application of the method were 
carried out for all values of Vb. 
vibdiff (I) = vibimp (/) - vibnoimp (I) (5.6) 
.bdifjl'l' . = vibditf (Ire.,) 
VI 1'J rallO 
ave vib difJ (/)) (5.7) 
.b. _ vibimp (Ires) 
VI lmpralio - (. ) 
av vlbimp (Ires) (5.8) 
5.2.4.2 Results 
The results of the companson are presented in Table 5.5. The mean difference 
between the ratios is 128 %, with the maximum percentage difference being 199 %. In 
the case of Vb = 0.67 ms- I , the application of the method decreased the ~atio of moving 
belt span resonant frequency amplitude to the average amplitude of the remaining 
components by 22 % because the vibration in the moving belt span without impulse 
applied had the resonant frequency as the dominant component. The characteristics of 
the belt span vibration when Vb = 0.67 ms- I is discussed in section 5.2.5. 
Table 5.5: Ratio of the Amplitude of Moving Belt Span Resonant Frequency and 
Average Amplitude of Remaining Components 
Vb Difference 
(ms- I ) vibimpratio vibdif/ratio (%) 
0.67 112 87 -22 
1.12 125 198 58 
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1.67 138 295 114 
2.13 118 254 115 
2.63 110 329 199 
3.16 75 142 89 
3.68 98 375 283 
4.22 73 197 170 
4.89 74 179 142 
5.2.5 Velocity Dependence of Amplitude Spectrum Characteristics 
In this section the results of qualitative observations made with regards to the 
characteristics of the power spectrum of the acquired data sets is presented. 
Highlighted in this section is the fact that a major change in general characteristics of 
the frequency distribution of the belt vibration occurs when the velocity of the belt 
span exceeds 1.12 ms -I. 
Figure 5.5 is a graphical representation of the amplitude spectrum of a single set of 
belt vibration data acquired in the case where Vb = 0.16 ms- I . Figure 5.6 is a plot of the 
amplitude spectrum of a set of belt vibration data captured in the case where Vb = 3.16 
ms- I . In the case of Figure 5.5 a large peak exists at 14.6 Hz and 3x14.6 Hz. The 
amplitude spectrum possesses such a form when Vb= 0.67 ms- I and Vb = 1.12 ms- I also. 
The frequencies, 14.6 Hz and 3x14.6 Hz, coincide with the resonant frequency of the 
moving belt and the third harmonic of the resonant frequency of the moving 
respectively 
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In the case of Figure 5.6 several large peaks exist at various frequencies both below 
and above the moving belt resonant frequency. As indicated by Figure 5.5 and Figure 
5.6 there is a marked difference between the frequency content of the belt transverse 
vibration when the belt velocity is increased beyond 1.12 ms -I. Below 1.12 ms -I the 
output of the vibration sensor is dominated by oscillation of the belt in the transverse 
direction at a frequency that corresponds to the resonant frequency of the moving belt. 
Two possible explanations exist for the change in spectral characteristics observed 
when the belt velocity exceeds 1.12 ms -I. The first consists of the fact that the 
frequencies excited in the belt falls below the high-pass cutoff frequency of the sensor 
frequency response; e.g. when the belt velocity equalled 0.67 ms- I or 1. 12ms-1 the 
pulley rotational frequencies were 2 and 7 Hz respectively. The second explanation 
involves the resonant frequency of the moving belt, and its harmonics, consisting of 
the dominant components of the belt vibration when the belt velocity was below 1.12 
ms-
I
. In the case of latter a number of possibilities exist as to why the resonant 
frequencies possess considerably more energy that other components generated. 
These include the resonant frequency of the moving belt being excited by random 
fluctuations in air pressure, excitation of the resonance frequencies due to pulley 
velocity fluctuations, vibration of the system pulleys due to e.g. minor defects in the 
pulley bearings. 
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5.2.6 Variability of Amplitude Spectrum Peaks when Belt Velocity is Constant 
The aim of this section is to present the results of an investigation into the variability 
of the position of major peaks in the amplitude spectrum of belt transverse vibration 
in the case where the velocity of the belt is constant. The investigation was carried out 
as follows. 
5.2.6.1 Methodology 
Each element of the 100 vectors denoted by /n,m contains the frequency represented by 
one of the first 20 peaks in the amplitude spectra of dm,n' A matrix of dimensions 
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10x20 was generated for each separate velocity for which belt vibration data was 
acquired, these matrices are denoted by In,m,l. 
Each row of the 10 matrices generated contained the frequency of the first twenty 
peaks of the amplitude spectrum of one of the M belt vibration data sets acquired 
when the belt was travelling at a specific belt velocity. In the symbolln,m,l, n denotes 
the belt velocity Vbn for which the matrix was generated, m denotes the index for the 
matrix rows with each row containing belt vibration spectra data acquired for the case 
when the belt was travelling at a specific value of Vbn, I denotes the column index and 
specifies for which of the first twenty peaks in the amplitude spectrum that column 
contains information. 
If the position of the first 20 peaks in the amplitude spectrum did not vary then the 
values in each column will be equal and the standard deviation of the values in each 
column will be O. 
The standard deviation of each column of each matrix denoted by In,m,1 was calculated 
using the formula defined by equation (5.10). For each of the N = 10 matrices 
generated a vector of length = 20 was created that contained the standard deviation of 
each of the 20 columns of the matrix In,m,l. This vector is defined as an,1 where n 
denotes one of the N = 1 0 matrices denoted by In,m,1 and I refers to the I th element in the 
vector. The lth element in the vector contains the variance in the position of the lth peak 
for each the estimated frequency spectra of dm,n obtained for one of the N=10 belt 
velocities. 
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5.2.6.2 Results 
1 M 
AVcolumn (In,m,l) = M ~ ln,m,1 
11 M 2 
a n,1 = ~ M ~ (In,m,1 - A V column (In,m,1 )) 
152 
(5.9) 
(5.10) 
The results of the process described in the previous section are presented in Table 5.6. 
Column 1 of the table contains the magnitudes of 9 of the separate values of Vbn at 
which belt transverse vibration was measured. Columns 2 to 21 for each row contain 
the elements of vector O"n,1 generated using the data sets acquired at the belt velocity 
stated in the first element ofthe row. All entries in columns 2 to 21 are in Hz. 
The average magnitude of the variances (AV(O"n,l)) presented in Table 5.6 is AV(O"n,l) = 
0.05. In the case of Vb= 0.16 ms- I and Vb = 0.67 ms- I only the variance of the first 9 
peaks in the amplitude spectrum are included in the calculation of the average 
variance due the change in the characteristics of the amplitude spectrum that occurs, 
as discussed in section S.2.S.This result shows that on average when the belt velocity 
is constant the variance of the position of the first 20 peaks in the amplitude spectrum 
is 50% of the frequency resolution of 0.1 Hz. The frequency resolution of the FFT of 
the vibration was 0.1 Hz; this also constitutes the minimum change in the position of a 
peak that can be detected. This is evidence that supports the proposition that the 
position of major peaks in the amplitude spectrum of belt transverse vibration do not 
change if the velocity of the belt is constant. Another trend discemable from table 
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Table 5.6 is that the lower the frequency represented by the peak the lower the 
variance. 
Factors that could potentially have contributed towards the non-zero values of 
standard deviation obtained include inconsistencies in setting the belt velocity, the 
consistency of the peak extraction algorithm used to detect the position of the first 20 
peaks detected and the finite resolution of the FFT used to estimate the power 
spectrum of the belt vibration. 
In conclusion, the result of the investigation has shown that, on average, the variance 
of the position of the first 20 peaks in the amplitude spectrum of belt transverse 
vibration acquired from the test rig described in section 4 is lower than 0.1 Hz if the 
belt velocity is constant. The lower the frequency the lower the frequency evaluated 
the lower the average variance. 
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Table 5.6: Standard Deviation of the Position of the First Twenty Peaks in the 
Vibration Amplitude Spectrum when Belt Velocity is Constant 
Vb O"n,1 O"n,2 O"n,3 O"n,4 O"n,5 O"n,6 O"n,7 O"n,8 O"n,9 O"n,1O 0" n,11 O"n,12 O"n,13 O"n,14 O"n,15 O"n,16 O"n,17 O"n,18 O"n,19 O"n,20 
(ms- I ) 
0.67 0 0.01 0 0.09 0.19 0.01 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.12 0 0 0 0 0 0 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.05 
1.67 0 0 0 0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.04 0.07 
2.13 0 0 0.01 0 0 0.01 0.01 O.Q] 0.01 0.02 0.01 0.02 0.02 0.03 0.04 0.03 0.04 0.05 0.05 0.06 
2.63 0.01 0 0 0 0 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.07 0.16 0.09 
3.16 a 0 0 0.01 0.01 0.01 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.08 0.08 0.1 0.1 0.13 0.15 
3.68 0 0.01 0.01 0.01 0.02 0.04 0.03 0.04 0.06 0.06 0.07 0.08 0.1 0.12 0.13 0.16 0.17 0.17 0.19 0.21 
4.22 0 0 0.01 0.01 0.01 0.02 0.03 0.04 0.04 0.05 0.07 0.07 0.09 0.12 0.11 0.13 0.16 0.36 0.19 0.18 
4.89 0 0.01 0.01 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.09 0.11 0.14 0.16 0.16 0.2 0.21 0.24 0.29 0.61 
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5.2.7 Effect of Change in Belt Velocity on Amplitude Spectrum Peaks 
In the previous section evidence was provided that the position of major peaks in the 
amplitude spectrum of belt transverse vibration has low variability if the belt velocity 
is constant. In this section, results are presented of an investigation into whether the 
position of the major peaks in the amplitude spectrum of the transverse vibration 
changes in position if the belt velocity in a BPT system is altered. 
5.2.7.1 Methodology 
The investigation was carried out as follows. The average of each of the 20 columns 
of each of the N matrices denoted by In,m,1 was calculated. For each instance of In,m,1 
the average value of each column was inserted into a vector of length 20. This action 
was carried out for all N instances of In,m,1 resulting in the creation of N vectors 
consisting of 20 elements. All of the generated vectors were used to form a 10x20 
matrix denoted by In,!' where n denotes a row of the matrix and the value Vbn denotes 
the belt velocity for which the data contained in the row is relevant. Denoted by I are 
the elements of the matrix located in column I and consequently the column 
containing the average positions of the lth peak in the amplitude spectrum. If the 
position of peaks in the amplitude spectrum of dm,n is affected by a change in belt 
velocity then the standard deviation of each of the 20 columns in the matrix 1n,1 will be 
more than o. The standard deviation of each column of 1n,1 was contained in a vector 
denoted by 0"1. The character I in this symbol refers to the index of the vector, and 
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column I in In,)' which contains information regarding the lth peak in the amplitude 
spectrum. 
1 N 
AVco'umn (1n,1) = N ~1n'1 (5.11) 
1 N 2 
0"1 = N ~ (In,l - AVco'umn (In,l )) (5.12) 
5.2.7.2 Results 
The results of the investigation are presented in Table 5.7. The table consists of 20 
columns and one row. The value presented in each cell of this table is the the variance 
of the position of a peak in the amplitude spectrum of the acquired belt vibration, in 
the case where the belt velocity is varied between Vb = 0.16 ms-Iand Vb = 4.86- 1• All 
values presented in this table are in hertz. 
The average of all the variance magnitudes presented in Table 5.7 (Av(uI)) is Av(uI) = 
6.9 Hz, thus Av(uI»O and Av(u(fi))> AV(Un,I). Hence, the average of the standard 
deviation of the position of the peaks is larger than 0 (69 times larger than the 
minimum change in position that could be detected), and is 69 times larger than the 
case where the belt velocity is a constant. 
This result provides evidence supporting the proposition: the position of the major 
peaks in the amplitude spectrum change in response to a change in the velocity of the 
belt. The average change in position is at least 690 percent larger than the change 
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when the belt velocity is constant (Section 5.2.6.2). It was also observed that the 
higher the frequency of the peak the larger the change in the position. 
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Table 5.7: Standard Deviation of the Position of the First Twenty Peaks in the 
Amplitude Spectrum of the Transverse Vibration when Belt Velocity is varied 
from 0.16 ms-1 to 4.89 ms-1 
0"1 0"2 0"3 0"4 0"5 0"6 0"7 0"8 0"9 0"10 0"11 0"12 0"13 0"14 0"15 0"16 0"17 0"18 0"19 0"20 
1.01 1.53 2.13 2.76 3.39 4.00 4.65 5.29 5.94 6.56 7.22 7.87 8.51 9.16 9.73 10.48 11.14 11.79 12.5 13.02 
5.2.8 Measurement of the Distance between Amplitude Spectrum Peaks 
In the case of the test rig, it has been shown in section 5.2.7, that the variance of the 
position of major peaks in the amplitude spectrum of the belt vibration is low if the 
belt velocity is constant. The previous section has provided evidence that the position 
of the major peaks change if the belt velocity is altered. 
In this section, results of an investigation, into the characteristics of the distance 
between major peaks in the amplitude spectrum of the belt vibration are presented. 
This section reports that if the belt velocity is constant the distance between the peaks 
is constant. 
5.2.8.1 Methodology 
The investigation was carried out as follows. The second derivative· of an array of 
numbers is zero if the gradient of the array is constant. Regardless of whether a 
change in the position of amplitude spectrum peaks, that occur due to a change in belt 
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velocity, is non-zero. The second derivative of the peak positions will be zero if the 
spacing between the peaks remains constant. 
The second derivative of each row of /n,m,1 for all N cases of /n,m,1 was obtained. In 
order to calculate the second derivative of the matrix rows equation (5.13) was 
applied to each row of each matrix. This procedure resulted in the generation ofN=lQ 
IOxl8 (Mx(20-2)) matrices each of which are denoted by dl./n,m,I). Each row of 
d2(fn,m,l) contained the second derivative of the corresponding row in /n,m,l. If the 
distance between peaks in the amplitude spectrum of dm,n is constant, if the belt 
velocity is constant, then each element of the second derivative of each row of /n,m,1 
will be equal to O. Hence the magnitude of each element in the N instances of d2(fn,m,l) 
will equal 0 and the average value of all the elements contained in each instance of 
d2(fn,m,l) (denoted by Av(d2(fn,m,I))) will equal O. 
d2 (In,m,1 ) = (In,m,I+1 - In,m,l) - (In,m,I+2 - In,m,I+1 ) (5.13) 
5.2.8.2 Results 
Table 5.8 is a table consisting of 8 rows and 2 columns. The first element in each row 
contains the value of a particular instance of Vbn, the second element of any particular 
row presents the magnitude of Av(d2(fn,m,I)). 
It was observed that the values in column 2 are less than the minimum change of 
frequency that could be detected (0.1 Hz), the average value of column 2 was -0.0048 
(4.8% of the minimum change of frequency that could be detected). The values 
displayed in column 2 of the table supports the proposition that the distance between 
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peaks in the amplitude spectrum of the acquired belt vibration data is constant if the 
belt velocity is constant. 
Factors that may contribute to the average of the second derivative of the position of 
amplitude spectrum peaks include error due to the peak picking algorithm missing 
directly adjacent peaks. Calculating the second derivative of a vector containing such 
an error exacerbates such errors. 
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Table 5.8: Average of the Second Derivative of the Distance between Adjacent 
Peaks in the Vibration Amplitude Spectrum 
Vb A v( d2(fn,m,l) 
(ms-1) (Hz) 
1.12 -.005 
1.67 -0.0072 
2.13 -0.0022 
2.63 0.0072 
3.16 0 
3.68 -0.0005 
4.22 -0.0005 
4.86 -0.03 
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5.2.9 Sensitivity of the Magnitude of Spacing between Peaks on Belt Velocity 
In the previous section evidence has been provided that supports the proposition that 
the spacing, in terms of frequency, between belt vibration amplitude spectrum peaks, 
measured in a moving belt, is a constant if belt velocity is constant. This is applicable 
over the range of belt velocities for which data was acquired. 
In this section the sensitivity of the distance between belt vibration amplitude 
spectrum peaks, to changes in belt velocity, is examined. 
5.2.9.1 Methodology 
The investigation was carried out as follows. The first derivative of each row of each 
of the N matrices denoted by fn,m" was obtained through the application of equation 
(5.10). This resulted in the generation ofN=10 IOx19 (Mx(20-1)) matrices which are 
denoted by d, (fn,m,'). Each element of these matrices states the distance in frequency 
between two adjacent peaks in the amplitude spectrum of dn,m .. For each particular 
instance of d, (fn,m,')' the average of value of every element in the matrix was obtained, 
each of the N values generated by this process is denoted by Av(d,(fn,m,')). The 
magnitude of the N values denoted by Av(d,(fn,m,')) were inserted into a vector. If the 
spacing between the peaks changes with belt velocity then the variance of the values 
contained in the vector would have been over O. 
dl (fn,m,1 ) = (fn,m,I+1 - fn,m,1 ) (5.10) 
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5.2.9.2 Results 
The results of this investigation are presented in Table 5.9. Column 1 of the table 
contains the magnitude of all the values of Vb for which data was acquired. Column 2 
contains the magnitude of 8 instances of Av(dl(fn,m,I)). The average value of column 2 
is 1.6 Hz. This value exceeds 0 (16 times the minimum change in position that could 
be detected). This indicates that the distance between the peaks in the amplitude 
spectrum changes when the belt velocity changes. 
These results provide evidence supporting the proposition that the spacing between 
the position of the major peaks in the amplitude spectrum of vibration data acquired 
from. the test rig changes when the belt velocity changes. It was also observed that as 
belt velocity increases the magnitude of the spacing between the peaks increases. 
Table 5.9: Average of the First Derivative of the Distance between Adjacent 
Peaks in the Vibration Amplitude Spectrum 
Vb Av(dl(fn,m,I) 
(ms- I ) (Hz) 
1.12 0.62 
1.67 0.88 
2.13 1.18 
2.63 1.43 
3.16 1.69 
3.68 1.97 
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4.22 2.12 
4.89 2.53 
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5.2.10 An Exploration of the Relationship between the Spacing between 
Amplitude Spectrum Peaks and Belt Rotational Frequency 
In section 5.2.8 evidence was provided that showed that the distance between peaks in 
the belt transverse vibration amplitude spectrum is constant if the belt velocity is 
constant. In section 5.2.9 evidence was provided that the magnitude of this constant is 
sensitive to belt velocity. 
In this section, the results of an investigation comparing the distance between peaks of 
the belt vibration amplitude spectrum and the belt rotational frequency are presented. 
5.2.10.1 Methodology 
The investigation was carried out as follows. Values of Av(dl(fn,m,I)) were compared to 
the number of complete cycles of the belt that occurred in one second (belt rotational 
frequency), which is denoted by ibn. This comparison was carried out by finding the 
error (denoted by en) between Av(dl(fn,m,I)) and ibn using equation (5.11). Equation 
(5.11) calculates the value of the absolute difference between Av(dl(fn,m,I)) andibn. If 
the spacing in between the peaks of the amplitude spectrum of the belt span transverse 
vibration is directly equivalent to the belt rotational frequency then en=O 
(5.11) 
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(S.12) 
5.2.10.2 Results 
The results of this analysis described in the previous section are presented in Table 
S.10. Column 1 of the table contains the magnitude of the N separate belt velocities 
for which data was acquired. Column 2 contains the N values of ibn that resulted due 
to motion of the belt at the velocities stated in column 1. Column 3 of the table 
contains the N values of Av(d,(fn,m,')) calculated. Column 4 contains the N magnitudes 
of the absolute value of the error between Av(d,(fn,m,')) and ibn as calculated using 
equation (S.II). 
It was observed that the N values of en were low with all values, apart from that 
measured when Vb = 4.22 ms-', being less than the minimum distance between peaks 
that could be detected (0.1 Hz). The average value of column 4 or the average value 
of en denoted by Av(en) was calculated through equation (S.12). It was found that 
Av(en) = O.OS. This low value (SO% of minimum distance that could be detected) of 
Av(en) indicates equivalence between the ibn and Av(d,(fn,m,')) or at least one falls 
within +/- O.IHz of the other. 
In this section the relationship between the spacing between adjacent peaks in the belt 
vibration amplitude spectrum and the frequency with which the belt completes one 
entire rotation was investigated. It was found that a degree of similarity (at least 
within +/- 0.1 Hz) exists between the rotational frequency of the belt and the distance 
between peaks in the amplitude spectrum of the transverse belt vibration. This result 
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suggests that, in the case of the data obtained, an estimate of the belt rotational 
frequency may be extracted from measurements of belt vibration; Figure 5.7 
illustrates this point. 
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Figure 5.7: Amplitude Spectrum of Belt Transverse Vibration with the Spacing 
between an Adjacent Pair of Spectral Peaks Highlighted 
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Table 5.10: A Comparison between the Average of the First Derivative of the 
Distance between Adjacent Peaks in the Vibration Amplitude Spectrum and the 
Rotational Frequency of the Belt 
Vb Av(dl(fn,m,I» Ibn en 
(ms- I ) (Hz) (Hz) (Hz) 
1.12 0.62 0.61 0.01 
1.67 0.88 0.86 0.04 
2.13 1.18 1.12 0.06 
2.63 1.43 1.38 0.05 
3.16 1.69 1.66 0.03 
3.68 1.97 1.93 0.04 
4.22 2.12 2.23 0.11 
4.86 2.53 2.56 0.03 
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5.2.11 Detection and Measurement of Belt Slippage using the Amplitude 
Spectrum of Belt Transverse Vibration 
Slippage is the occurrence of relative motion between the belt and either of the system 
pulleys. Slippage between a belt and a pulley may be expressed as a percentage using 
equation (5.14), where vp is the velocity of the system pulley in which slippage is 
being measured and Vb is the velocity of the belt. The belt rotational frequency is the 
reciprocal of the time taken for one entire revolution of the belt around the system. 
One possible application of the results presented in the previous sections is the 
detection of the presence and severity of slippage between a belt and pulley using 
solely measurements of transverse vibration of a belt. 
The proposed method of slippage monitoring takes advantage of the fact that the 
amplitude spectrum of the measured belt transverse vibration consists of multiple 
peaks, the spacing between which corresponds approximately to the belt rotational 
frequency. It is proposed that the slippage between the belt and a driving pulley may 
be detected/monitored by monitoring the average distance between peaks in the 
amplitude spectrum of belt transverse vibration. 
The belt rotational frequency will be dependant on belt slippage according to equation 
(5.14). In the case of equation (5.14) it is assumed that the velocity of the driving 
pulley remains constant. Assuming that the velocity of the driving pulley remains 
constant, slippage between a driven pulley and a belt may be monitored by measuring 
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the velocity of the driven pulley and comparing it to the FFT based measurement offi 
Figure 5.8 is a plot of belt rotational frequency versus slippage in the case where 
vdgfLb = 1 Hz. From this plot it can be seen that as slippage increases thenfi decreases 
linearly when the slippage magnitude decreases. 
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Figure 5.8: Plot of Theoretical Response of Belt Rotational Frequency in 
Response to a Change in Belt Slippage 
v -v S = p h xl00 (5.13) 
Vp 
V h (1- 0.01S)vdg J;,=T= L 
h h 
(5.14) 
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5.2.11.1 Advantages and Applications of Belt Velocity Measurement using Belt 
Vibration 
The advantage of measuring belt slippage using belt vibration (assuming that Vdg 
remains constant) is that it facilitates the detection of slippage between the driving 
pulley and a belt without the need for equipment monitoring pulley velocities. This is 
especially advantageous in the case where slippage detection is a feature that must be 
retrofitted to an existing BPT system. In the case where the velocity of the pulleys is 
not measured and the above assumption is not valid then a change in the velocity of a 
driving pulley may cause the system to conclude wrongly that slippage has occurred. 
Another possible application of such a system of belt velocity detection may also be 
used as part of a pulley velocity monitoring system that incorporates sensor 
redundancy. 
Various means exist for the measurement of shaft/pulley velocity including the 
tachometer and the incremental rotary encoder. Commercially available LED 
tachometers are available that can measure pulley velocity to an accuracy of 0.06 
revolutions per minute. Higher accuracy may be achieved through the application of 
laser based tachometers. Commercially available incremental encoders are available 
that can measure rotary displacement to within arc seconds (l arc second = 113600 
degrees). 
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5.2.11.2 Application within an LSM 
A system is present within LSMs that measures the time taken for an item of mail to 
traverse a certain distance within the LSM. This system operates by measuring the 
time taken for an item of mail to break infrared beams placed a fixed distance apart. 
At present if the time taken for an item of mail to traverse a particular distance is not 
as expected the system is unable to detect whether this is due to slippage between the 
mail item and the belts transporting the mail item or whether it is due to belt slippage. 
Measurements of belt slippage may be applied in order to decide whether belt 
slippage was present during the mistiming of the mail item. Slippage between the belt 
and driving pulley may cause a change in the velocity of the mail item and thus alter 
the time taken for the mail item to traverse between two sensors, if slippage between 
belt and pulley is not present and assuming the velocity of the driving pulley is 
constant then slippage between the mail item and the transport belt may be a likely 
cause of mistiming. 
The presence of belt slippage in a LSM mail transportation system may also lead to 
the situation where there is a velocity differential between the two belts gripping the 
mail. There are a number of possible outcomes of this situation both of which can lead 
to damage of an item of mail. Firstly, assuming that no slippage occurs between the 
item of mail and both belts gripping the mail item, then a velocity differential will 
lead to the application of a shear force on the item of mail. This may damage the mail 
item depending on the magnitude of shear force experienced by the mail item and the 
sensitivity of the item to strain. The second scenario is that slippage between the mail 
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item and either of the belts occurs. If this occurs the item will still experience a shear 
force generated by kinetic friction, physical wear of the surface of the mail item and 
both heat and paper dust will be generated. 
5.2.11.3 Slippage Detection Technique Sensitivity 
The sensitivity of this technique to a change in slippage is dependant on the resolution 
of the FFT used to extract the amplitude spectrum of belt transverse vibration. In 
order for a specific change in percentage slippage to be detected it is required that the 
resolution of the FFT is such that 1)./< I).fb. The change infb in response to a change in 
slippage is given by equation (5.15). From equation (5.15) it can be seen that the FFT 
resolution required in order to detect a fixed value of change in belt slippage is 
linearly proportional to the velocity of the driving pulley and inversely proportional to 
the length of the belt. Thus assuming the change in slippage that is required to be 
detected is constant then if Vdg is increased the minimum resolution of the FFT 
required to detect the fixed change in slippage decreases. If Lb increases the minimum 
resolution required to detect the change in slippage increases i.e. 1)./ decreases. 
(5.15) 
5.3 Discussion on Results Presented in Chapter 5 
In this chapter the response of the power of the transverse vibration of a moving belt 
span in response to a change in belt velocity was presented. It was· found that the 
transverse vibration power increased in response to a change in the velocity of the 
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span m an approximate linear fashion. This result suggests that a change in the 
velocity of a belt span may be measured from a measure of belt vibration power 
alone. Provided that the gradient of the linear response is known and remains 
constant, then belt velocity or change in span velocity may be calculated from a 
measurement of span vibration power. 
Results regarding an investigation into the characteristics of the amplitude spectrum 
of belt transverse vibration were also presented. It was shown that the amplitude of 
vibration of the resonant frequency of the moving belt was low in comparison to the 
amplitude of other frequency components of the vibration. This result suggested that 
the resonant frequency of a moving belt cannot be measured by identifying the largest 
amplitude frequency component in the amplitude spectrum of the transverse vibration 
of the belt span. It was also shown that if the frequency components of the transverse 
vibration were sorted in ascending or descending order, according to their amplitude, 
the position of the resonant frequency of the moving belt after the sorting process 
changed. This suggests that the resonant frequency of the moving belt cannot be 
measured from the amplitude spectrum of the transverse vibration by finding the xth 
largest amplitude frequency component. Thus these results suggest that the technique 
applied in measuring the resonant frequency of an externally excited stationary belt 
span may not be used for measuring the resonant frequency of an unexcited belt span 
in motion. 
It was found that under the conditions studied, the resonance frequency of a moving 
belt span can be measured if excited by an impulse. The process of resonance 
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frequency measurement involved identifying the frequency component possessing the 
largest amplitude from the amplitude spectrum of the vibration. A technique was also 
presented that increased the ratio of the amplitude of the belt resonance frequency to 
other frequency components of the vibration. 
An investigation into the identification of general features of belt transverse vibration 
was also carried out and the sensitivity of these features to a change in the velocity of 
the belt. It was found that when the belt was travelling at 0.67 ms- I or 1.12 ms- I the 
resonant frequency of the moving belt was the dominant frequency component of the 
belt vibration. When the belt velocity was increased beyond 1.12 ms -I a significant 
change in the frequency distribution of the transverse vibration occurred. The features 
of the frequency distribution when the belt was travelling beyond 1.12 ms -I are as 
follows. The amplitude spectrum consists of a number of peaks that vary in 
magnitude. An investigation into the· distribution of these peaks highlighted the 
spacing in between these peaks were approximately constant, furthermore it was 
found that the spacing in between these peaks increased when the velocity of the belt 
span increased. Further investigations showed that this was the case as the spacing in 
between the peaks in terms of frequency was approximately the same as the rotational 
frequency of the belt. Such a result would have been expected if the belt vibration 
consisted of harmonics of the belt rotational, or if the belt rotational frequency 
harmonics amplitude modulated another. frequency component. 
It was proposed that these findings could potentially form the basis of a method of 
monitoring belt slippage using measurements of belt vibration. The following 
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describes the proposed method. The method of measuring belt slippage through the 
measurement of vibration involves measuring the belt rotational frequency via 
measurements of belt vibration. Measurements of the belt rotational frequency are 
obtained by measuring the distance (in terms of frequency) between peaks in the 
amplitude spectrum of belt vibration. A measurement of the rotational frequency of 
the belt may be used in conjunction with information regarding the length of the 
tensioned belt on the BPT system in order to calculate belt velocity. Alternatively the 
presence of a change in belt velocity due to an increase in slippage between the belt 
and driving pulley or otherwise may be detected if a reduction in the spacing in 
between the peaks of the amplitude spectrum of the belt span vibration is detected. 
This reduction must occur relative to the distance between amplitude spectrum peaks 
when the belt is in operation under the desired condition. 
5.4 Summary of Chapter 5 
In this chapter the amplitude spectrum of belt transverse vibration was analysed in 
order to assess the characteristics of the belt vibration that occurred in the test rig. It 
was found that the resonant frequency of the moving belt could be extracted from the 
amplitude spectrum if the belt was excited by an impulse applied when the belt was 
moving the velocities at which belts travel in the mail sorting process. It was also 
found that the distance (in terms of frequency) between peaks in the amplitude 
spectrum of the acquired belt vibration coincided approximately with the belt 
rotational frequency. 
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The next chapter presents the results of analysing the belt vibration through the 
application of time/frequency analysis. 
Chapter 6 
An Analysis of Belt Vibration 
Utilising the Wavelet Transform 
The aim of this section is to present the results of an analysis of belt transverse 
vibration data using combined time frequency analysis. The purpose of the analysis of 
belt vibration using time frequency analysis is to extract information with regards to 
the evolution of the frequency content of the belt vibration with respect to time. It is 
also proposed that information regarding the evolution of frequency components over 
time may form the basis for correlating frequency domain events with events that 
occur within the BPT system. 
The following section is divided into the following subsections. Firstly, an 
explanation of the nature of joint time frequency analysis and a description of the 
principles of wavelet analysis is given. Secondly, a description of a technique for 
correlating events in the frequency domain of the belt transverse vibration that occur 
within the BPT system is given. Thirdly, results generated by the application of the 
technique to the test rig described in section 4 are described. 
6.1 Motivation for the Application of Time-Frequency Analysis of Belt 
Vibration 
During the literature on the analysis of belt transverse vibration it was found that work 
carried out regarding the analysis of belt vibration was limited in terms of the analysis 
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techniques applied. The majority of the analysis of belt vibration mentioned within the 
literature was performed on the time domain or in the frequency domain via the 
application of the FFT. The amplitude spectrum is the optimal frequency domain 
feature to analyse if the amplitude of each spectral frequency does not change (i.e. the 
signal is stationary in the frequency domain). If one calculates the Fourier 
decomposition of a non-stationary signal, information regarding frequency domain 
events localised with respect to time is lost. Hence, the original signal cannot be 
reconstructed from the Fourier decomposition through the application of the inverse 
FFT. 
Figure 6.1 is a time domain plot of a typical vibration signal. This plot reveals the 
presence of amplitude modulation and thus the transverse vibration of the belt plotted 
contains cyclo-stationary elements (i.e. statistical features that vary in a periodic with 
time). The amplitude spectrum of the signal presented in Figure 6.1 may be used to 
extract information with regards to frequency content including information regarding 
the frequency components that are modulated and hence the period of the modulating 
components or any non-stationary elements (i.e. elements that vary, randomly or 
otherwise, with time) that are not directly discernible from a plot of the amplitude 
spectrum alone. 
In the following sections the wavelet transform is applied in order to investigate 
amplitude modulation of transverse vibration in a span of a flat belt. The presence of 
amplitude modulation means the amplitude of frequency components of the vibration 
varies cyclically. The conclusion of this investigation is that peaks in the amplitude of 
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vibration, at the belt rotational frequency, coincide with contact between the belt join 
and system pulleys (section 6.6.2.1). Such knowledge may be applied in order to 
increase understanding of belt transverse vibration excitation mechanisms and for belt 
condition monitoring. The technique applies time-frequency information about the 
transverse vibration, which is extracted using the wavelet transform. 
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Figure 6.1: Time Domain Plot of the Transverse Vibration of a Belt Span 
6.2 The Wavelet Transform 
Information regarding the evolution of frequency components of a signal over the 
duration of a signal may be extracted from joint time frequency transforms. Examples 
of such transforms include the Short Time Fourier Transform (Kim and Kim, 2000), 
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the Wigner Ville decomposition (Chen and Cai, 2003) (which may be viewed as a 
special case of the Short Time Fourier Transform) and the Wavelet transform (Graps, 
1995). The wavelet transform is a multi-resolution technique that addresses the issue 
of trade off between time resolution and frequency resolution that are present in the 
aforementioned joint time/frequency transforms. 
Wavelet analysis involves decomposing a signal into a set of wavelet coefficients by 
representing the signal as a linear combination of basis functions (Yen and Lin, 2000). 
Basis functions that are applied within the context of wavelet analysis are referred to 
as Wavelets. In order for a basis function to be suitable as a wavelet it must possess 
locality in both the time and frequency domain. This is not the case for the basis 
functions that are used to perform the Fourier decomposition where the basis 
functions consist of sines and cosines. Since pure sines and cosines extend until 
infinity they do not possess locality in the time or spatial domain. Coefficients are 
generated in both the Fourier and Wavelet transform by measuring the correlation 
between the signal and the set of basis functions (Debbal et aI., 2004), which in the 
case of the wavelet transform are the set of wavelet functions that are generated 
through the application of equation (6.2). 
CWTf(s,k) = ff(x)/f/(X)S,kdx (6.1) 
The set of wavelet functions used within the decomposition of a signal are derived 
from a mother wavelet function IjJ(t). The set of wavelets derived from the mother 
wavelet function are either scaled or dilated versions of the wavelet function, equation 
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(6.2). The magnitude of compression or dilation is controlled by the scaling parameter 
s. The translation parameter k defines the position of the wavelet function along the 
time axis of the signal. As the wavelet is dilated the frequency localisation ability of 
the wavelet increases but time resolution decreases. As the wavelet is compressed the 
time localisation capability of the wavelet increases and frequency resolution 
decreases. 
(6.2) 
The Continuous Wavelet Transform (equation (6.1)), (Sun and Tang, 2002), where the 
wavelet coefficients are calculated over the continuous range of values of k and s, is 
normally applied for signal analysis (Debbal et aI., 2004) and detection (Zhennan et 
aI., 2003). The discrete wavelet transform (Li and Du, 2004), where wavelet 
coefficients are calculated at discrete values of k and s (usually a power of 2), is 
applicable for signal compression (Singh, 1999)and de-noising (Pasti et aI., 1999). 
Such application of the continuous and discrete wavelet transform described can form 
part of the process of aspect feature extraction or aspect monitoring components of the 
condition monitoring process; hence the wavelet transform is applied within the field 
of condition monitoring in order to perform such functions (Kang, 2001). 
6.3 Description of a Technique for Correlating Vibration Frequency Domain 
Events and System Events 
The technique described below may be applied to simple two pulley systems and 
multiple pulley serpentine systems. A two pulley BPT system is illustrated in Figure 
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6.2. Assuming the position of the pulleys remains constant then the pitch length of the 
belt around a belt transmission system (L) consisting of two pulleys is given by (6.3). 
LI and L2 is the pitch length of belt spans 1 and 2 respectively. Lei and Lc2 is the 
circular pitch length defined as the length of the belt segment in contact with system 
pulleys around the angle ofbeltlpulley contact Blor fh. respectively. 
(6.3) 
The technique involves generating frequency domain information about the belt 
transverse vibration with respect to the distance that a physical element of belt (So) 
has travelled (Pso) from a fixed reference point (R). R is situated at a fixed point along 
the length of the belt within the system. Information about the belt system geometry 
regardless of the complexity of the system allows the identification of specific system 
events in terms of the location of each particular event in terms of a value of Pso. Such 
events may include the occurrence of contact between a particular element of the belt 
such as a belt join with the driving or driven pulley. 
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Lc2 
Lcl 
Figure 6.2: Diagram of the Pitch Length ofthe Elements ofa Two Pulley BPT 
System and a Reference Point 
Time domain information about belt transverse vibration is extracted by measuring 
the transverse displacement (y) of a belt span at a fixed point along the belt span and 
sampling the measured transverse displacement of the belt at uniformly spaced 
intervals in time. Information about the frequency content of the measured vibration 
with respect to time is extracted by applying the Continuous Wavelet Transform to the 
resulting time series. Assuming that the belt is travelling at a constant velocity, a 
single point in time, in the time-axis of the extracted joint time/amplitude spectrum 
may be mapped to values of Pso using equation (6.4); figure 6.3 illustrates such a 
mapping. The variable t of equation (6.4)is reset to 0 when Pso = L in order to prevent 
the accumulation of error arising from minor variations in belt velocity, due to 
slippage or otherwise. This method exploits the fact that the belt travels a fixed 
distance in between each vibration sample interval if the belt velocity is constant. If 
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the assumption of constant belt velocity is violated then a discrepancy will exist 
between the distance actually travelled by the belt and the distance stated by equation 
6.4. If one obtains a continuous measurement of belt velocity in the case where the 
belt velocity is a function of time, then the integral of belt velocity with respect to 
time allows to calculate Pso. 
(6.4) 
A measurement of the distance of So from R (Pso) allows the position of any specific 
segment of belt (Psp) within the system to be calculated if the distance (dsop) between 
P sp and Pso is known. Figure 6.2 illustrates this for an arbitrary segment of belt. Thus 
the frequency domain response due to an event involving any particular aspect of the 
belt such as the belt join may be determined. 
P =F +d, 
.I'p So ,lOp (6.5) 
Time 
Figure 6.3: Depiction of Mapping of a Point inTime to Distance Travelled by the 
Belt from a Reference Point on the Belt 
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6.4 Application of the Technique 
The technique proposed in section 6.3 was applied to an experimental rig in order to 
investigate whether the occurrence of the system events presented in table 6.1 
coincides with peaks in the amplitude of transverse vibration in belt span LI (figure 
6.2). 
The proposed technique was implemented using the experimental rig discussed in 
section 4.2. The rig consists of a two pulley belt power transmission system in which 
the driving pulley is itself driven by an electric d.c. motor. The location of features 
within the system is presented in Table 6.1. The system events listed in the table that 
are relevant to the results presented in the following sections are the occurrence of 
contact between the belt join and the driven pulley, the occurrence of contact between 
the belt join and the driving pulley, and the passage of the belt join past the vibration 
sensor. The position of these events in terms of the distance travelled (Pso) by the 
marker from the reference position (R) is also stated. In the case of belt pulley contact 
the range of values of Pso over which the belt is within the angle of belt/pulley 
contact. In the case of the test rig the angle of contact for the driven pulley was the 
same as that for the driving pulley. 
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Driven Pulley 
Figure 6.4: Belt on Test Rig with Reference Sensor 
Vibration 
Sensor 
Data 
Acquisition 
Unit 
Figure 6.5: Overview of Test Rig used to Correlate Frequency Domain Events 
with BPT Events 
An infrared based belt vibration sensor which is discussed in Chapter 4 was applied in 
order to convert belt transverse displacement to voltage. The belt reference (R) was 
implemented via an opto-switch positioned at a fixed point within the system. The 
opto-switch produced a pulse at the passage of a reflective marker placed on the 
surface of the belt. The generated pulse provided a trigger for the data acquisition 
system. 
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Table 6.1 contains parameters of the belt drive systems such as the position of system 
events. The length of the belt was 1.29 metres and the distance between the belt join 
and the reflective marker was 0.35 metres. Figure 6.5 consist of a diagrammatic 
representation of the information presented in Table 6.1. 
Table 6.1: Location of Events that Occur in the BPT System 
1 Belt join entering driven pulley Pso=0.55m 
2 Belt join exiting driven pulley Pso=0.6m 
3 Belt join/driven pulley contact 0.55m<Pso<0.6m 
4 Belt join entering driving pulley Pso=1.25m 
5 Belt join exiting driving pulley Pso=1.3m 
6 Belt join/driving pulley contact 1.25m<Pso<1.3m 
7 Passage of belt join past sensor Pso=0.93m 
8 Reflective marker/driven pulley contact 0.21 <Pso<0.26 
9 Reflective marker/driving pulley contact 0.91 <Pso<0.96 
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Figure 6.6: Diagrammatic Representation of System Events Mapped onto Point 
in Space 
6.4.1 Data Collection 
Multiple sets of data containing information regarding belt transverse vibration were 
acquired. Data was acquired in M=7 sets of data N=3 times resulting in the 
acquisition of 21 sets of data. Each of the M sets of data was differentiated in terms of 
belt velocity thus 3 sets of data was acquired for each of the following belt velocities: 
Vb = 1.55, 2.02, 2.53, 3.05, 3.66, 4.25, 4.87 ms- I . Each vibration data set acquired is 
denoted by dWn,m. 
For each data set acquired sampling of the output voltage of the vibration sensor 
process was triggered by the passage of the reflective marker on the belt past the opto-
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switch. A sampling rate of 1000 samples/second was used and each data set acquired 
sampled for 2.5 seconds hence each set of data consisted of 2500 samples of the 
output voltage of the belt vibration sensor. 
The joint time amplitude spectrum of each instance of dWn,m was calculated by 
applying the continuous wavelet transform function implemented in the MATLAB 
computing environment. The wavelet transform was applied using the Meyer (Meyer, 
1998) (Bownik and Speegle, 2002)type wavelet mother function since this wavelet is 
band-limited and is suited for the multi-resolution analysis of a signal (Wavelet 
analysis consists of an example of multi-resolution time frequency analysis). Wavelet 
coefficients were calculated with wavelets derived from the mother wavelet function 
by applying scaling values to equation (6.2) that ranged from 1 to 128 in which each 
successive wavelet was generated by incrementing the scaling value by 1. The scaling 
value (denoted by 'scale' on succeeding plots) is the value of the dilation or 
compression applied to the mother wavelet. The application of the wavelet transform 
to a particular instance of dWn,m resulted in the generation of a 128x 1500 matrix where 
each element of the matrix contains the magnitude of the correlation between dWn,m 
and a scaled and translated version of the mother wavelet. The matrices generated 
through the application of the wavelet transform to a particular instance of dWn,m are 
denoted by fdwn,m. 
6.4.2 Relationship Between Known Events 
The relationship between belt velocity (Vb), belt length (L), and time taken for one 
complete rotation for the belt to occur (Tb) is summarised in equation (6.6). 
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(6.6) 
Since the length of the belt was 1.29 m, equation (6.7) describes the relationship 
between Tb and belt velocity. 
(6.7) 
During one revolution of the belt, the belt join contacts a pulley twice, hence equation 
(6.9) describes the relationship between the time taken for the join to contact the two 
pulleys after contact between the belt join and a pulley has occurred and the belt 
rotational frequency (~2p). Equation (6.8)describes the relationship between the time 
taken for contact with one other pulley to occur after the belt join has contacted with a 
pulley (1jlp) 
1 ~lp = - = 0.5T" 21;, (6.8) 
(6.9) 
The rotational of the driving pulley is denoted by /Pdl and the driven pulley by /Pd2' 
Since in the test rig both the radius of the driving pulley equalled the radius of the 
driven pulley then equation (6.10) describes the relationship between the pulley 
rotational frequencies. 
(6.10) 
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Table 6.2 states for each belt velocity the number of the belt joins comes in contact 
with a pulley during the 2.5 seconds of data acquisition. 
Table 6.2: Number of Times Belt Join Contacts a Pulley in 2.5 Seconds for Each 
Belt Velocity 
Vb Number of Times Belt Join Contacts a 
(ms- I ) Pulley 
1.55 6 
2.02 7 
2.53 9 
3.05 11 
3.66 14 
4.25 16 
4.87 19 
6.5 An Analysis of Belt Vibration at the Pulley Rotational Frequency 
Figure 6.7 consists of a plot of the continuous wavelet transform (CWT) of belt 
transverse vibration captured at belt velocity 2 ms- I , Figure 6.8 and Figure 6.9 consist 
ofa plot of the CWT of transverse vibration acquired when the belt velocity was 3.66 
ms- I . Figures 6.8 and 6.9 highlight different patterns that arise in the variation of the 
amplitude of the pulley rotational frequency. Figure 6.7 consists of a plot of the 
continuous wavelet transform of the transverse vibration of a belt span travelling at 2 
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ms-
1 
with the pulley rotational frequency highlighted, Tb is also highlighted. Figure 6.8 
consists of a plot of the continuous wavelet transform of the transverse vibration of a 
belt span travelling at 3.66 ms- 1 with the time interval between every second peak in 
the magnitude of the pulley rotational frequency highlighted, Tb is also highlighted. 
Figure 6.9 consists of a plot of the continuous wavelet transform of belt transverse 
vibration when Vb = 3.66 ms-1 and the time interval between pairs of adjacent peaks in 
the magnitude of the pulley rotational frequency highlighted, O.5Tb is also highlighted. 
The x-axis on Figures 6.7 to 6.12 consists of time expressed in seconds. The y-axis 
consists of scale. The scale parameter indicates the level of dilation applied to the 
mother wavelet. The scale parameter controls the frequency content of the wavelet 
used to analyse the signal and hence scale correlates directly with frequency. Each 
plot highlights the point on the scale axis that corresponds with the pulley rotational 
frequency. The amplitude in said figures has been normalised to fall within a range 
between 0 and 1. In Figures 6.7 to 6.12 black indicates an amplitude value of 0 and 
white an amplitude value of 1, shades of grey signify intermediate amplitude levels 
Visual inspection of the plots highlights the fact that the amplitude of various 
frequency components of the belt transverse vibration vary cyclically over time, as 
highlighted by the arrows on the plots and the analyses presented in the remainder of 
this chapter. In both plots the scale value on the y-axis that corresponds to the pulley 
rotational frequency of the driving pulley is highlighted; in both cases it can be seen 
that cyclical variation in the amplitude of the pulley rotational frequency as well as 
other frequency components occurs. When the velocity of the belt was increased the 
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spacing (in terms of time) between peaks in the amplitude of the pulley rotational 
frequency decreased as highlighted by the double sided arrows on both plots placed in 
between peaks in the amplitude of the pulley rotational frequency. Thus from visual 
inspection of both plots alone it may be argued that the spacing between the peaks in 
amplitude is velocity dependant. 
An investigation in order to determine quantitative characteristics of the spacing 
between peaks in the amplitude of the pulley rotational frequency was carried out. 
Such an investigation was carried out in order to confirm the velocity dependence on 
the spacing between the peaks, to determine whether the variation is periodic and if so 
to measure the time period between variations. 
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Figure 6.7: Continuous Wavelet Transform of the Transverse Vibration ofa Belt 
Span Travelling at 2 ms- I with the Pulley Rotational Frequency highlighted, Tb 
also highlighted 
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Continuous Wavelet Transform of Belt Transverse Vibration: Belt Velocity = 3.66 Metres/Second 
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Figure 6.8: Continuous Wavelet Transform of the Transverse Vibration of a Belt 
Span Travelling at 3.66 ms- I with the Time Interval between Every Second Peak 
in the Magnitude of the Pulley Rotational Frequency highlighted, Tb also 
highlighted 
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Continuous Wavelet Transfonn of Belt Transverse Vibration: Belt Velocity = 3.66 Metres/Second 
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Figure 6.9: Continuous Wavelet Transform of Belt Transverse Vibration when Vb 
= 3.66 ms- I and the Time Interval between Pairs of Adjacent Peaks in the 
Magnitude of the Pulley Rotational Frequency Highlighted. O.STb also 
highlighted 
6.5.1 Methodology 
When a set of data was decomposed into wavelet coefficients, a 128x2500 matrix was 
generated. Each row of this matrix contained a measure of the correlation between a 
wavelet generated at a particular scale and the signal, at points along the length of the 
signal. In order to extract information pertaining to the change in the amplitude of the 
pulley rotational frequencies over time, for each element of the set jdwn,m, a vector 
containing the coefficient magnitudes possessed by the row of the element that was 
generated from a scaled wavelet, in which the centre frequency of the wavelet 
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matched was the closest match to the pulley rotational frequency, was created. The set 
of vectors containing the wavelet coefficients for the pulley rotational frequencies is 
denoted by rowifdwn,m). 
For each vector denoted by rowifdwn,m), the position (in time) of the peaks in the 
amplitude values (that of h) was extracted from the vector. In order to extract the 
position of each peak in the amplitude of h in the time domain, a peak extraction 
algorithm was applied to the each vector denoted rowifdwn,m). Hence, for each 
instance of dWn,m a vector was created that contained the position in time of the peaks 
extracted from rowifdwn,m). The set of vectors containing the positions of the peaks in 
the time domain is denoted by jjJeakn,m(x); x denotes the index of the vectors e.g. the 
seventh element of the vector generated for the second data set acquired at belt 
velocity Vb3 is denoted by jpeak2,3(7) . The length of the vector jjJeakn,m(x) (i.e. the 
number of values contained in vectors denoted by jpeakn,m(x)) is denoted by LjjJeakn,m. 
Information regarding two different patterns of peaks in the amplitude of h can be 
extracted fromjjJeakn,m(x). One such pattern is highlighted by the double sided arrows 
in Figure 6.8, this pattern consists of the pairs of peaks referenced by an odd value of 
the index x (injjJeakn,m(x)) and the next odd value of x. The other type of pattern is 
highlighted by double sided arrows in Figure 6.9, this pattern consists of the pairs of 
peaks referenced by an even value of the index x (in jjJeakn,m(x)) and the preceding 
peak indexed by an odd value of x. In the case of the first pattern described, for each 
instance ofjpeakn,m(x) the average of the time interval between each peak, in each pair 
of peaks, was calculated through the application of equation (6.11) and is denoted by 
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disl n,m. In the case of the second pattern described, for each instance ofjjJeakn,m(x) the 
average of the time interval between the peaks in each pair of peaks was calculated 
through the application of equation (6.12) and is denoted by dis2n,m. 
A total of N xM =21 instances of the scalars dis 1 n,m and dis2n,m were generated. The 
mean of the three instances of dis 1 n,m and dis2n,m generated for each data set obtained 
using one of the N=7 belt velocities (disln and dis2n) was calculated using equations 
(6.13) and (6.14) respectively. The standard deviation of the three instances of dis 1 n,m 
and dis2n,m generated for each data set obtained using one of the N=7 belt velocities (0' 
(disln) and 0'(dis2n)) was calculated using equations (6.15) and (6.16) respectively. 
If the average of the distance between each pair of peaks in the amplitude of/p, for the 
pattern illustrated in figure 6.8, is constant, then O'(disln)=O. If the average of the 
distance between each pair of peaks in the amplitude of/p, for the pattern illustrated in 
figure 6.9, is constant, then 0'(dis2n)=O. 
. 1 i,{peakn.m 
diS In m = I !peakn,m (2x ) - jjJeakn,m (2x -1) 
, LjjJeakn,m x=1 (6.11) 
. 1 iJpeakn.m 
dlS2n m = I jjJeakn,m (2x -1) - !peakn,m (2x + 1) 
, LjjJeakn,m x=1 (6.12) 
diSln =_1 IdiSl nm 
Mm=1 ' 
(6.13) 
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1 M 
dis2n =-Idis2nm (6.14) 
Mm=1 ' 
1 M 2 
a(dis2n)= -I(dis2n,m -dis2n) (6.16) 
Mm=1 
6.5.2 Results 
6.5.2.1 The Variability of the Distance between Peaks in the Amplitude of/p 
The results of the analysis described in the previous section are presented in Table 6.3 
and Table 6.4. In Table 6.3 the values of disl n and o{disl n) are presented. In Table 6.4 
the values of dis2n and u(dis2n) are presented. Column 1 of both of the tables indicates 
the velocities at which the belt was travelling when the vibration data was acquired. 
Column 4 of Table 6.4 contains a quantitative comparison between disl n and u(disl n) 
in terms of a percentage (equation (6.17)). and column 4 of Table 6.4 contains a 
quantitative comparison between dis2n and u(dis2n) in terms of a percentage (equation 
(6.18)). In both cases the quantitative comparison is obtained by calculating the 
percentage ratio of a standard deviation to the mean of a series of values, such a 
statistical quantity is refereed to as coefficient of variation. 
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. ( 0' ( dis 1 )) DIfference = 1 00 n 
dis1n 
(6.17) 
(
0'(diS2 )) Difference = 1 00 n 
dis2n 
(6.18) 
In Table 6.4 the standard deviation values expressed in column 3, on average, were 
less than four times the sampling period (0.001 Seconds). Thus, the standard deviation 
of the values of dis1n measured, on average, was less than 0.004 seconds. In Table 6.5 
the standard deviation values expressed in column 3, on average, were less than five 
times the sampling period. Thus, the standard deviation of the values of dis2n 
measured, on average, was less than 0.005 seconds. The average of the values of the 
percentage difference (coefficient of variation) contained in column 4 of Table 6.3 is 
1.7%, the average of the values contained in column 4 of Table 6.4 is 1.1 %. Also 
observed was that the average spacing between peaks increased monotonically as the 
belt velocity increased. 
The results obtained provides evidence that the spacmg between peaks in the 
amplitude of the pulley rotational frequency is dependant on the belt velocity, with the 
relationship between them being monotonic. They also show that the average standard 
deviation of the distance between peaks is less than 0.004 seconds in the case of the 
pattern depicted in Figure 6.8 and in the case of the pattern depicted in Figure 6.9, less 
that 0.005 seconds. This indicates that the modulation of the amplitude of h was 
periodic. 
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Possible sources of error that may have contributed to the percentage error between 
mean distance and standard deviation of the time intervals between the measured 
peaks (assuming that these differences occurred due to measurement error) includes 
sensor noise and errors in the setting of belt velocity. By errors in the setting of belt 
velocity one refers to minor variations between the belt velocities when the three data 
sets for a particular belt velocity was acquired. These could occur due to sensor noise 
in the pulley velocity sensor. Other possible source of measurement error includes the 
violation of the assumption of constant belt velocity due to variation in the level of 
slippage that occurred per belt revolution. 
Table 6.3: Measurement of the Distance between Adjacent Peaks in the Pulley 
Rotational Frequency Amplitude 
Vb disl n u(disl n) Difference 
(ms- I ) (Seconds) (Seconds) (%) 
1.55 0.398 0.0021 0.5 
2.02 0.306 0.0045 1.5 
2.53 0.248 0.0033 1.3 
3.05 0.201 0.0086 4.3 
3.66 0.175 0.0015 0.9 
4.25 0.139 0.0023 1.7 
4.87 0.125 0.0018 1.4 
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Table 6.4: Measurement of the Distance between Every Second Peak in the 
Pulley Rotational Frequency Amplitude 
Vb dis2n u(dis2n) Difference 
(ms- I ) (Seconds) (Seconds) (%) 
1.55 0.844 0.00424 0.5 
2.02 0.644 0.00695 1.1 
2.53 0.529 0.00571 1.1 
3.05 0.440 0.00824 1.9 
3.66 0.373 0.00411 1.1 
4.25 0.326 0.00284 0.9 
4.87 0.288 0.00368 1.3 
6.5.2.2 A Comparison of the Time Interval between Peaks in the Amplitude of 
The previous results provided evidence that variation in the amplitude of the pulley 
rotational frequency occurs periodically and suggests that the distance between these 
peaks is approximately constant. During the course of the investigation the average 
distance in terms of time between these peaks was measured. 
An investigation was carried out in order to measure the difference between the time 
interval in between peaks in the amplitude offp and the time taken fora revolution of 
the belt to occur. A comparison was made between the values of dis1n and 0.5Tb for 
each of the N=7 belt velocities. A comparison was also made between the values of 
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dis2n and 0.5 Tb for each of the N =7 belt velocities. As shown in the previous section 
the distance between peaks in the amplitude in fp was approximately. The values of 
dis1 n and dis2n are compared with Tb and 0.5Tb respectively in order to determine the 
number of peaks infp that occurs per revolution of the belt and in the time it takes for 
half a revolution of a belt occurs, and also whether the number of peaks between that 
occurs per revolution and half revolution is constant. 
The results of the comparison between dis1n and Tb are given in. Column 1 of the 
table contains the belt velocities, column 2 contains the values of Tb for which data 
was acquired, column 3 contains the average spacing between peaks, column 4 
contains the difference between dis1n and Tb, and column 5 contains the difference 
between columns 2 and 3 in terms of a percentage. The values in column 5 were 
calculated using equation (6.14). The average of the values contained in column 4 is 
0.017 seconds (17 samples) and the average of the values contained in column 5 is 
4.5%. The average value of the difference between dis1n and Tb indicates that the time 
taken for one entire rotation for the belt to occur and the time period between the 
second peak that occurs after any given peak in the amplitude of belt vibration at the 
pulley rotational frequency are approximately equivalent. 
A second set of tests were carried out in order to compare the distance between peaks 
for the pattern depicted in Figure 6.9 and one half the time taken for a revolution of 
the belt to occur (i.e. the period of 2fp). The results are presented in Table 6.6. Column 
2 of the table contains the magnitude of half the time taken for a single belt revolution 
to occur, for all belt velocities at which data was acquired. Column 3 in the table 
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contains the average time interval measured between each adjacent peak in the 
amplitude of the belt rotational frequency. Each element of column 4 contains the 
difference between dis2n and 0.5Th for a particular belt velocity. Each element of 
column 5 contains the numerical difference between 0.5Th and the average time 
interval measured at a particular belt velocity, the difference is expressed in terms of a 
percentage. The values in column 5 were calculated using equation (6.15). The 
average of the values contained in column 4 is 0.01 seconds and the average of the 
values contained in column 5 is 4.4%. This relatively high value (four times than for 
results presented in Table 6.5) of error between dis2n and 0.5Th indicates that either 
dis2n is marginally larger than 0.5Th, or that measurement error in the test was higher 
than for the results presented in Table 6.5. 
Sources of error in this analysis include possible minor differences in belt velocities 
than those assumed when the data was acquired, inaccuracies in determining the 
position of peaks in the time domain due to the finite sampling rate and measurement 
errors induced by noise. In the case of the counter used to measure the duration 
between pulley rotations the accuracy of the clock pulses driving the counter was 20 
MHz +/- 2000 Hz, quantization error for the12 bit DAC for sinusoidal inputs was74 
dB and the r.m.s. value of the digitised noise at the output of the vibration sensor was 
10 bits, and the sampling rate resulted in a maximum uncertainty of 0.005 metres 
when measuring the distance travelled by the belt between samples (when the belt 
travelled at the maximum velocity of 4.87ms- I ). 
T" -disl" (%) = 100 ( T" -;iS1" J (6.19) 
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0.51'" -disln(%) = 100(0.51'" -diSln ) (6.20) 
0.5Th 
Table 6.5: A Comparison between the Distance between Every Second Peak in 
the Magnitude of Transverse Vibration at the Pulley Rotational Frequency and 
the Time Period between Belt Rotations 
Vb Tb disl n T b- dis1 n T b- disl n 
(ms- I ) (Seconds) (Seconds) (Seconds) (%) 
1.55 0.832 0.844 -0.012 -1.4 
2.02 0.639 0.644 -0.005 -0.8 
2.53 0.510 0.529 -0.019 -3.7 
3.05 0.423 0.440 -0.017 -4.0 
3.66 0.352 0.373 -0.021 -5.8 
4.25 0.304 0.326 -0.022 -7.4 
4.87 0.265 0.288 -0.023 -8.7 
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Table 6.6: A Comparison between the Distance between Adjacent Peaks in the 
Magnitude of Belt Span Transverse Vibration at the Pulley Rotational 
Frequency and Half of the Time Period between the Occurrence of a Belt 
Rotation 
Vb O.5Tb dis2 n O.5Tb- dis2 n O.5Tb- dis2 n 
(ms- t ) (Seconds) (Seconds) (Seconds) (%) 
1.55 0.416 0.398 0.018 4.4 
2.02 0.319 0.306 0.013 4.2 
2.53 0.255 0.248 0.007 2.7 
3.05 0.211 0.201 0.010 5.0 
3.66 0.176 0.175 0.001 0.7 
4.25 0.152 0.139 0.013 8.4 
4.87 0.132 0.125 0.007 5.6 
In this section combined time frequency analysis was applied to belt transverse 
vibration acquired at varIOUS velocities, the joint time amplitude spectrum was 
estimated by invoking the wavelet transform. Analysis of the joint time amplitude 
spectrum highlighted that periodic variations in the amplitude of various frequency 
components of the belt vibration occur. This analysis found that variations were 
periodic and three peaks in the amplitude of belt vibration occurred per belt revolution 
for all frequencies. This was discovered through analysis of the time intervals between 
patterns of peaks in the amplitude of the pulley rotational frequency. This analysis 
provided evidence for a strong correspondence between the time interval between the 
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first and third peak, and the time taken for one entire revolution of the belt to occur. 
Such a correspondence was found between for the distance between the first and the 
second peak. Even though the value of the time interval possessed a degree of 
consistency the time interval correlated with half the period of the belt rotational 
frequency. In the next section the source of the variations in the amplitude of belt 
transverse vibration at the pulley rotational frequency is investigated. 
6.6 A Study of Pulley Rotational Frequency Amplitude Peaks with respect to 
System Events 
In the previous section it was shown that three peaks in the amplitude of the pulley 
rotational frequency occurs per belt revolution. In this section the technique described 
in section 6.3 is applied in order to determine if correlation exists between variations 
in the amplitude of the pulley rotational frequency, and other frequency domain 
events such as peaks in the lower frequency band of the vibration, with events that 
occur in the BPT system. 
Figure 6.10 is a plot of the wavelet transform coefficients extracted from belt 
transverse vibration acquired when the belt was travelling at 3.66 ms- I , in this plot the 
x-axis has been converted from time to the distance travelled by the belt (i.e. spatial 
values). The features of this plot, that are typical to the wavelet transform of belt 
vibration acquired when the belt was travelling at Vb= 1.55, 2.02, 2.53, 3.05, 3.66, 
4.25, 4.87 ms- I , consist of three peaks that occur in the amplitude of the pulley 
rotational frequency per revolution ofthe belt and one large peak in the low frequency 
components of the vibration per revolution of the belt. In Figure 6.10 the first peak in 
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the amplitude of h is highlighted usmg the symbol ., the second peak in the 
amplitude of h is highlighted by the symbol. and the peak in the low frequency 
components of the acquired belt vibration is highlighted using the symbol •. 
Figure 6.11 is a plot of the wavelet transform coefficients extracted from belt 
transverse vibration acquired when the belt was travelling at 4.87ms-1, in this plot the 
x-axis has been converted from time to the distance travelled by the belt (i.e. spatial 
values). In some instances when the belt was travelling at 4.87ms-1 it was noted that 
only one large peak in the amplitude of the pulley rotational frequency occurred per 
revolution of the belt, this is highlighted in Figure 6.11 by the symbol +. These 
characteristics were not observed in the CWT of the data analysed in section 6.5. 
The technique discussed in section 6.3 was applied in order to determine whether 
correlation exists between each frequency domain event symbolised by .,.,.,+, and 
events that occur within the BPT system described in Table 6.1. 
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Wavelet Scale V Distance Travelled From Reference (P): Belt Velocity = 3.66 Metres/Second 
0.9 
Distance (Metres) 
z=1 z=2 
Figure 6.10: Continuous Wavelet Transform of Belt Transverse Vibration, First 
and Second Peaks Pulley Rotational Frequency Amplitude, and Amplitude Peak 
in Low Frequency Components highlighted 
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Continuous Wavelet Transform of Belt Transverse Vibration: Belt Velocity = 4.87 Metres/Second 
CI) 
a; 
o 
VI 
Distance (Metres) 
z=1 z=2 z=3 
0.9 
Figure 6.11: Continuous Wavelet Transform Belt Span Vibration when 
Travelling at 4.87 ms- I , Peak of Pulley Rotational Frequency Amplitude 
Highlighted 
6.6.1 Methodology 
For each of the matrices denoted by dWn,m where n=1, ... ,7 and m=1,2,3 the position in 
the time domain of the peaks in the amplitude spectrum denoted by .,"', and • were 
extracted. For each of the three matrices denoted by dW7,m the position in the time 
domain of the peak denoted by • was extracted. 
The values that stated the position in the time domain of .,"', ., and • for each 
instance of dWn,m, were converted to values that stated the distance travelled by the 
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segment of belt denoted by So from the reference of the BPT system when the 
particular peaks symbolised by .,., • or • occurred. This conversion was carried 
out through the application of equation (6.5). For each of the belt velocities for which 
belt vibration data was acquired the three transformed values describing the positions 
of .,., • and • were averaged. The average value of the position of • for a 
particular belt velocity is denoted by PCn, the average value of the position of • for a 
particular belt velocity is denoted by PTn, the average value of the position of. for a 
particular belt velocity is denoted by PSn and the average value of the position of. is 
denoted by P X. 
Table 6.1 was referenced in order to determine whether a BPT event coincided with 
PCn, PTn, PSn and PX, and if so, the event was identified. In other words the BPT 
system events that occur when Pso= PCn, Pso=PTn and PsiO= P X were identified. 
6.6.2 Results 
Table 6.7 consists of five columns, column 1 displays the belt velocities for which 
belt vibration data was acquired, column 2 displays the pulley rotational frequencies 
associated with these velocities, column 3 displays the values of PCn, column 4 
displays the values of PTn, and column 5 displays the values of PSn. 
In the following sections, the events that occur in the BPT system when the frequency 
domain events symbolised by .,., • and. are presented. 
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Table 6.7: Position of Peaks in the Magnitude of Transverse Vibration 
Frequency Components with Respect to Distance Travelled by the Belt 
Vb jp PCn PTn PSn 
(ms-1) (Hz) (Metres) (Metres) (Metres) 
1.55 16.44 0.55 1.25 0.9 
2.02 21.4 0.57 1.24 0.85 
2.53 26.83 0.61 1.22 0.93 
3.05 32.4 0.58 1.21 0.84 
3.66 38.8 0.59 1.23 0.89 
4.25 45.06 0.55 1.2 0.81 
4.87 51.67 1.3 1.27 0.86 
6.6.2.1 First Peak in the Amplitude ofjp Per Revolution 
The results of a comparison between each instance of PCn to the BPT events 
described in Table 6.1 are presented in Table 6.8. Columns 1 to 3 of the table 
presented below are as the table presented in section 6.6.2. Column 4 describes the 
BPT event that occurs when the first peak in the amplitude of /p occurs for each 
revolution of the belt. For every instance of PCn the event that occurs when the 
frequency domain event occurs is contact between the belt join and the driven pulley. 
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Table 6.8: Position of the First Peak in Pulley Rotational Frequency Amplitude 
and Corresponding BPT System Event 
Vb fP PCn 
(ms- I ) BPT Event (Hz) (Metres) 
1.55 16.44 0.55 Belt join/driven pulley contact 
2.02 21.4 0.57 Belt join/driven pulley contact 
2.53 26.83 0.61 Belt join/driven pulley contact 
3.05 32.4 0.58 Belt join/driven pulley contact 
3.66 38.8 0.59 Belt join/driven pulley contact 
4.25 45.06 0.55 Belt join/driven pulley contact 
6.6.2.2 Second Peak in the Amplitude of/p per Revolution 
The results of a comparison of each instance of PTn to the BPT events described in 
Table 6.1are presented in Table 6.9. Columns 1 to 3 of the table presented below are 
as the table described in section 6.6.2.1, column 4 describes the BPT event that occurs 
when the second peak in the amplitude of/p occurs for each revolution ofthe belt. For 
every instance of PTn the event that occurs when the frequency domain event occurs 
is contact between the belt join and the driving pulley. 
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Table 6.9: Position of the First Peak in the Magnitude of the Belt Span 
Transverse Vibration at the Pulley Rotational Frequency with Respect to 
Distance Travelled by the Belt and Corresponding BPT System Event 
Vb /p 
(ms- I ) PTn BPT Event (Hz) 
1.55 16.44 1.25 Belt join/driving pulley contact 
2.02 21.4 1.24 Belt join/driving pulley contact 
2.53 26.83 1.22 Belt join/driving pulley contact 
3.05 32.4 1.21 Belt join/driving pulley contact 
3.66 38.8 1.23 Belt join/driving pulley contact 
4.25 45.06 1.2 Belt join/driving pulley contact 
6.6.2.3 Peak in Low Frequency Belt Vibration 
The results of a comparison of each instance of PSn to the BPT events described in 
Table 6.1 are presented in Table 6.10. Columns 1 to 3 of the table presented below are 
as the table described in section 6.6.2.1, column 4 describes the BPT event that occurs 
when the peak in the amplitude of the low frequency components occurs during each 
revolution of the belt. For every instance of PSn the event that occurs when the 
frequency domain event occurs is the passage of the belt join past the belt vibration 
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sensor. The average of the values contained in column 4 of the table is 0.94 metres, 
when alignment between the belt vibration sensors and the belt join occurs Pso=0.93 
metres. 
Table 6.10: Position of the Peak in Low Frequency Transverse Vibration at Low 
Frequency and Corresponding BPT System Event 
Vb h PSn BPT Event 
(ms- I ) (Hz) (Metres) 
16.44 Passage of belt 1.55 0.97 join past 
vibration sensor 
• Passage of belt 
2.02 21.4 0.91 join past 
vibration sensor 
Passage of belt 
2.53 26.83 0.94 join past 
vibration sensor 
Passage of belt 
3.05 32.4 0.96 join past 
vibration sensor 
Passage of belt 
3.66 38.8 0.97 join past 
vibration sensor 
Passage of belt 
4.25 45.06 0.89 join past 
vibration sensor 
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6.6.2.4 Peak in/p when vb=4.87 ms- t 
The results of a comparison of PX to the BPT events described in Table 6.1 are 
presented in Table 6.11. Columns 1 to 3 of the table presented below are as the table 
described in section 6.6.2.1, column 4 describes the BPT event that occurs when the 
peak in the amplitude/p when the belt is travelling at 4.67 ms- I during each revolution 
of the belt. In the case of P X the event that occurs when the frequency domain event 
occurs is the belt join exiting the driving pulley. 
Table 6.11: Position of the First Peak in the Magnitude ofthe transverse 
Vibration at the Pulley Rotational Frequency with Respect to Distance Travelled 
by the Belt and Corresponding BPT System Event when Belt Velocity = 4.87 ms- t 
Vb /p PX BPT Event 
(ms- t ) (Hz) 
1.3 Belt join 4.87 51.67 exiting driving 
pulley 
6.7 Discussion 
In this chapter the results of belt transverse vibration analysis using a combined 
time/frequency transform were presented. The technique applied for the estimation of 
the time/frequency distribution of the belt vibration was the Wavelet transform. The 
Chapter 6: An Analysis of Belt Vibration Utilising the Wavelet Transform 218 
estimated time frequency distribution was then used as a basis for a technique with 
which to correlate the occurrence of periodic or non-periodic events in the amplitude 
spectrum of the vibration with events that occur within the BPT system. 
Application of time frequency analysis to the belt transverse vibration was used to 
show that peaks and troughs in the amplitude of vibration frequency components that 
coincide with the pulley rotational frequency occurred. It was found that the distance 
in time between every second peak in vibration at the pulley rotational frequency 
corresponded approximately to the time taken for one revolution of the belt to occur. 
The application of the BPT event correlation technique described in section 6.3 was 
applied in order to investigate 'the source of the variation in the vibration frequency 
component magnitude. Amongst other results it was found that a peak in belt 
transverse vibration at the pulley rotational frequency occurs whenever contact 
occurred between the belt join and a pulley within the system. 
The belt join either entering or exiting the pulley excites vibration at the pulley 
rotational frequency. There exists a number of possible reasons for this being the case. 
The belt join may constitute a tension layer non-uniformity that causes the parametric 
excitation in the form of a cyclically varying tension, although the frequency of the 
parametric excitation occurs at harmonics of the belt rotation frequency. During such 
a tension variation, at the tension minima, the amount of elastic potential required by 
transverse vibration of a constant amplitude decreases also. The source of excitation 
may also consist of parametric excitation in the form of variation in slippage that 
occurs due to the belt join contacting a system pulley as discussed in chapter 3. 
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Within the context of condition monitoring this technique may be used in order to 
obtain spatial information regarding the occurrence of specific belt vibration 
frequency components. This information may be used to support the diagnosis of a 
specific BPT fault. For example, if a belt friction monitoring method such as the one 
discussed in section 7 highlighted the presence of a localised friction layer fault, then 
the technique may be applied in order to determine if any variations in the amplitude 
of a frequency component occurs when the fault comes into contact with a belt pulley. 
The technique may also be used as a basis for the detection of belt join integrity in 
that it facilitates the extraction of the amplitude spectrum of the belt vibration in the 
case where contact between belt and pulley occurs. The amplitude spectrum of the 
vibration in response to such an event could possibly be used as a feature of the belt 
vibration through which to form the diagnosis of belt join conditiori. One possible 
application of this technique consists of its use as a basis to infer the frequency 
domain signature of belt faults that alter the dynamics of BPT events. 
6.8 Summary of Chapter 6 
This chapter presented the results of an analysis of belt transverse vibration using joint 
time/frequency analysis. This technique showed that vibration at the pulley rotational 
frequency amplitude varied periodically. Time/frequency analysis was used as the 
basis of a technique for identifying correlation between frequency domain events and 
the occurrence of events that occurred within the test rig, such as contact between a 
belt join and a pulley. This technique was used to identify BPT system events that 
coincided with variation in peaks in pulley rotational frequency amplitude. 
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In the prevIOUS chapters belt vibration and belt vibration were studied, in the 
following chapter a method for monitoring wear in the friction layer of a belt is 
discussed. 
Chapter 7 
A Novel Device for Monitoring Belt 
Friction 
In this section a method that facilitates the direct measurement of changes in the 
coefficient of friction between a belt surface and the surface of another material, such 
as that which the surface of a pulley consists of, is described. A prototype device 
based on the described method was constructed and used to conduct an investigation 
into the feasibility of the proposed method; the results of this investigation are 
described in this section. It is shown that this device may be used to measure a change 
in the coefficient of friction between the surface of the belt and the surface of a 
second material. Assuming the properties of the surface of the material does not 
change, then a change in the coefficient of friction between the material and a belt 
surface will be due to a change in the properties (e.g. due to wear or contamination) of 
the surface of a belt. 
In section 7.1 current methods for the measurement of the coefficient of friction 
between belt and pulley, and the advantages of the method of friction measurement 
developed are highlighted. In section 7.2 a description of the theory behind the device 
is given. Section 7.3 describes a physical prototype of the device. Section 7.4 is a 
summary of results obtained using the prototype friction monitoring device. 
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7.1 Advantages of the Friction Measurement Device 
The measurement of the coefficient of friction between the surface of a belt and the 
surface of a pulley is normally carried out through the application of the Capstan 
formula. This method involves transmitting enough torque from pulley to belt or vice 
versa such that full body slip occurs and measuring the tension in both belt spans in 
contact with the pulley at the instant full body slip occurs. The coefficient of friction 
is then calculated by inserting the measured tension values into equation (2.6). 
Coefficient of friction measurements have been obtained through the application of 
the Capstan formula using a variety of means for tension measurement and torque 
application. Meckstroth (Meckstroth, 1998) measured coefficient of friction in a belt 
by dangling a belt from a cylinder and then increasing the tension difference in both 
belt strands by dangling masses from the strands. In order to measure the coefficient 
of friction using this method in a BPT system it is necessary that the load driven by a 
BPT system is adjustable such that it can be increased to the point where full body 
slip occurs, measurement of tension in at least two belt spans is also required. Another 
limitation of the application of the Capstan formula as a method of friction 
measurement is that in its standard form, it is not suited for the detection of localised 
friction layer faults. A large number of BPT systems drive a fixed or varying load that 
cannot be adjusted without some form of modification to the BPT system. In a large 
number of cases also, no provision is made for the measurement of belt span tensions 
when the belt is in motion, or tension measurement cannot be carried out due to 
geometrical constraints. 
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Examples of such systems include BPT systems in letter sorting machinery or BPT 
systems in internal combustion engines. In such systems the retrofitting of adjustable 
driving loads and means for adjusting belt span tension for the measurement of the 
coefficient of friction may not be permissible due to geometrical or financial 
constraints. Much extra labour and cost is incurred in the application of the Capstan 
formula for the measurement of coefficient of friction in processes with multiple BPT 
systems such as letter sorting machinery. 
In such systems the coefficient of friction for the particular combination of pulley 
material and belt surface material may be provided by a belt manufacturer when the 
belt has been newly installed. However, due to wear of the surface layer of the belt, 
the coefficient of friction may reduce over time leading to the occurrence of excessive 
slip. In performance critical systems the belt may have to be changed before the 
occurrence of slippage as the occurrence of slippage may result in damage to elements 
of the process, or may result in unforeseen unavailability of the process. A 
measurement of the coefficient of friction would allow the replacement of the belt at 
an optimal time or information with regards to trends in coefficient of friction decline 
may facilitate the prediction of when excessive friction layer wear will occur. 
A method through which the coefficient of friction between the surface of a belt and 
another surface may be measured directly, and thus not require the application of the 
Capstan formula, would circumvent the need to measure the parameters required in 
order to apply the Capstan formula. Such a method is particularly relevant to systems 
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where no provision has been made for the measurement of such parameters and the 
adjustment of the load driven by the BPT system. 
7.2 Theory of Operation 
7.2.1 Friction 
Friction is a resistive force that occurs at the contacting surface of two bodies. The 
following is a description of the standard model of friction (Leibensperger, 2003). 
When the surfaces of two objects are in contact, with one surface exerting a normal 
force (Fn) on the other, and a force denoted by F is applied to one of the objects in a 
direction parallel to the surfaces, a force in the opposite direction to F is generated. 
This force is known as frictional force and is denoted here by Ff. If the magnitude of F 
is below a certain threshold the magnitude of Ff is equal to the magnitude of F until F 
exceeds a threshold denoted by Fmax. Once Fmax is exceeded motion of the object 
occurs in the direction of F thus relative motion occurs between both surfaces. After 
F max has been exceeded the magnitude of Ff is constant regardless of the magnitude of 
F. 
Frictional force generated before Fmax has been exceeded is referred to as static 
friction (is) and once relative motion between the two surfaces has occurred the 
frictional force generated is termed kinetic friction (fi). 
Equation (7.1) models the relationship between F max and Fn through the multiplication 
of F N by the coefficient of static friction denoted by /ls. In the piecewise function 
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defined in equation (7.2) fi is related to Fn through the multiplication of Fn by the 
coefficient of kinetic friction Ilk. In general Fmax>fi and thus !lk<j.1s. Friction causes 
both the dissipation of mechanical energy as heat and the deformation of the sliding 
surfaces, this causes the surface of a belt to wear. 
F - F' max - Jls n (7.1) 
(7.2) 
F-----1 .... .. 
t 
Figure 7.1: Diagram of the Forces involved in the Standard Model of Friction 
7.2.2 Friction Measurement 
The proposed method is depicted in Figure 7.2. The coefficient of friction measured 
by the device is that between the surface of a belt and the surface of the outer rim of 
the disc. If the disc is manufactured so as to consist of the same material from which 
the surface of a pulley is constructed then the device would provide a measure of the 
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coefficient of friction between the surface of a belt and the surface of a pulley. If the 
material from which the disc is manufactured is different to the material from which 
the surface of the pulley is manufactured, and assuming that the surface of the rim of 
the pulley wears disproportionately slower than the surface of the belt, then a change 
in the measured coefficient of friction measured by the device will be due to wear of 
the surface of the belt. 
The method proposed for the measurement/tracking of change in the coefficient of 
friction between the surface of a belt and another surface is as follows. Pressure is 
applied by the surface of the rim of a disc to the surface of a belt by pressing it against 
the surface of a belt. This results in the surface of the belt exerting a normal force on 
the surface of the disc rim. The centre of the disc is attached to a shaft in which 
rotational motion is induced by a d.c. motor. The frictional force developed between 
the surface of the belt and the surface of the rim of the disc is a source of motor 
loading (i.e. a torque applied to the motor shaft in the opposite direction to that of the 
shaft rotation). In a d.c. motor the motor loading is proportional to the current drawn 
once equilibrium between the torque and load has occurred. 
Equation (7.3) describes the relationship between motor current and motor load in a 
d.c. motor. The torque generated by the motor is linearly proportional to the current 
drawn by the motor (i.e. the current flowing through the conductors in the motor 
armature); once equilibrium has occurred between the motor loading and torque 
produced by the motor, loading is linearly proportional to the torque also. When one 
applies an external load to the rotor the armature decelerates. Since the armature 
decelerates the back e.mJ. generated reduces resulting in an increase in current flow 
in the conductors contained in the armature slots. The flow of charge in the 
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conductors within the magnetic field generated by the permanent magnet results in 
forces perpendicular to the direction of the flow of charge, which results in the 
generation of torque. The rotor will decelerate until equilibrium between the load and 
the torque produced by the motor occurs. Additional information regarding the 
derivation of equation (7.3) and the equation for back EMF (equation (7.4)) is given 
in Appendix IV. In equation (7.3) Kmis the motor torque constant, fa denotes the 
current flowing through the armature conductors and r denotes torque produced by 
the motor. The value of the torque constant is dependant on the length of the 
conductor slots in the motor armature, the strength of the magnetic field generated by 
the motor stator, and the radius of the rotor. The generation of back EMF is the result 
of the process of inductance that occurs due to the relative motion between the 
conductors contained within the motor armature and the magnetic field generated by 
the permanent magnet. (in Figure 7.2 Li denotes the self-inductance of the armature 
conductors that occurs due to the change in current direction that occurs in the 
conductors, the process of commutation controls the direction of the current in the 
armature conductors). 
(7.3) 
Thus the torque generated by the motor is linearly proportional to the amount of 
current drawn by the motor. The magnitude of the motor load is related to the 
coefficient of friction between the rim of the disc and the belt, and the force with 
which the belt is pressed against the belt. If the normal force is constant then a change 
in the frictional force generated between the surface of the disc and the surface of the 
belt, and hence the load current drawn by the motor, can be attributed to a change in 
the coefficient of friction. Hence the motor current is sensitive to a change in the 
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coefficient of friction. The current drawn by the motor, coefficient of friction and 
motor torque constant are related according to equations (7.4) and (7.6). In equations 
(7.4) and (7.6) Rdisc denotes the radius of the disc attached to the rotor, Rarm the 
resistance of the armature, Km the motor torque constant, Fn the normal force, OJ the 
angular velocity of the rotor, V the voltage applied to the armature conductors, Kb the 
motor back e.m.f. constant and B the back e.m.f .. The generation of back EMF is the 
result of the process of inductance that occurs due to the relative motion between the 
conductors contained within the motor armature and the magnetic field generated by 
the permanent magnet. 
(7.4) 
(7.5) 
(7.6) 
If the method is applied on a stationary belt the amount of current drawn just before 
slippage occurs will provide a measurement of F max. Thereafter the frictional force 
that is the source of motor loading will be kinetic friction and equation (7.6) may be 
applied in order to measure kinetic friction. 
v 
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B 
Belt Surface 
Figure 7.2: Diagram of the Proposed Method of Monitoring Friction 
When this method is applied to the surface of a moving belt, for any given instant in 
time, frictional force is generated between the disc and the portion of the surface of 
the belt in contact with the surface of the rim of the disc. If one complete revolution of 
the belt occurs belt friction will be measured around the entire length of the belt. It is 
argued that the aforementioned method could be applicable for the detection of 
localised faults in the friction layer based on the following premises. If the coefficient 
of friction between the belt and disc is constant both along the width and length of the 
belt then the current drawn by the motor will be constant during a single cycle of the 
belt. If the coefficient of friction is non-constant along the length of the portion of the 
belt in contact with the disc then the current drawn by the motor over one revolution 
of the belt will be non-constant. 
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The disc may be spun in either direction but if it is spun in the same direction as the 
direction of belt motion then the velocity of the surface of the rim must not match the 
belt velocity otherwise no relative motion between the surfaces will occur. If the belt 
and rim surface are of equal velocity then the torque required to cause relative motion 
between the rim surface and the belt may be used to measure Is,max' 
7.3 Testing of a Prototype Friction Monitoring Device 
A prototype device for the measurement of belt friction was constructed in order to 
test the feasibility of the aforementioned technique. The device consists of a motor 
mounted vertically on the outer face of the vertical plate of a L shaped sheet of 
aluminium, as depicted in Figure 7.3. The horizontal plate of this sheet of aluminium 
was itself mounted on two parallel linear sliders mounted on a flat aluminium sheet. A 
rectangular block with a spring protruding from a vertical face was mounted on the 
aluminium sheet. This spring is attached to the rear edge of the horizontal plate of the 
L shaped sheet of aluminium. The spring exerted a force on the L shaped plate in the 
horizontal direction that was proportional to the distance travelled towards the 
rectangular block, along the linear, slider by the L shaped plate. When the surface of 
the rim of the disc was in contact with the belt, the horizontal force generated by the 
spring generated the normal force Fn. The force constant of the particular spring used 
facilitated the adjustment of the magnitude of the normal force over a range of 0 and 
2.9N. 
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Figure 7.3: Diagram of Proposed Friction Monitoring Device 
The current drawn from the motor was measured by placing a 0.1 Q resistor in series 
with the motor and measuring the voltage drop that occurred across the resistor. The 
magnitude of the voltage decrease and the current drawn by the motor was related 
through Ohm's law. 
Figure 7.4 is a side view of the prototype device mounted on the test rig and Figure 
7.5 is a plan view of the prototype device mounted on the test rig. The surface of the 
rim of the disc was placed on the section of belt where belt pulley contact occurs, 
specifically the driven pulley. The surface of the conveying side of the belt on which 
the device was applied consisted of Acrylonitrile Butadiene Rubber. This particular 
location for the disc to contact the pulley was chosen in order to prevent possible 
issues such as the belt wrapping around the disc and the belt transverse vibration 
affecting the measurement. Samples of the output of the motor current transducer (i.e. 
the voltage across the 0.10 resistor) were acquired at 100000 samples/second (in 
order to obtain a high spatial resolution) and data was acquired over 5 seconds. This 
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was the case for all the experiments described in the following sections. In the 
experimental results described in the following section the coefficient of friction was 
calculated using equation (7.7). 
Figure 7.4: Plan View of Prototype Friction Monitoring Device Mounted on a 
Test Rig 
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Figure 7.5: Side View of Prototype Friction Monitoring Device Mounted on a 
Test Rig 
7.4 Results 
The following consists of results of experiments carried out in order to test the 
feasibility of the principle of friction monitoring discussed in this section. In the 
following section, results of tests that were carried out in order to test the repeatability 
of measurements of friction obtained with the device are presented. The results of an 
investigation into whether a change in the normal force alters the measured coefficient 
of friction. Results of measurements comparing the coefficient of friction with a new 
belt and a worn belt are presented. The effect of water as a friction layer contaminant 
on the surface of a belt is evaluated. Finally, the suitability of the device for detecting 
localised friction layer faults is investigated. 
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7.4.1 Measurement of Friction in a Static Belt 
For the case of two objects in contact, Figure 7.6 is a plot of a normalised force 
applied, tangent to the normalised normal force, versus the frictional force generated 
between both surfaces of the objects. Figure 7.6 illustrates the salient features of the 
standard model of friction; features such as the gradient of the first two lines, and the 
value of tangential force at which the peak in frictional force occurs depends on the 
materials from which the objects consist, and how one apples the tangential force. The 
salient features of this plot are: (a) a peak which represents the point where relative 
motion between both surfaces occur, (b) a sharp decrease in generated friction and (c) 
a horizontal line which is the point where the nature of the friction force being 
generated is kinetic friction and the magnitude of the frictional force generated is 
constant. The nature of the relationship between the applied force and the frictional 
force generated before the occurrence of the peak is that the magnitudes of both forces 
are equal. 
By controlling the maximum current that may be drawn by the device, the magnitude 
of the torque generated by the motor and hence the magnitude of the applied load may 
be controlled. It was hypothesised that if the current available to the prototype friction 
monitoring device was controlled such that it was increased until relative motion 
between the surface of the rim of the disc and the surface of the belt occurred, the 
salient of the measured out current over time would mirror those found in the plot 
presented in Figure 7.6. 
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Figure 7.7 is a plot of the current drawn by the friction monitoring device versus time. 
The salient features possessed by the plot are: (a) a peak in the current drawn and (b) a 
sharp decrease in the current drawn. It was found that after the sharp decrease in 
current, the current drawn was not constant but possessed a negative gradient. This 
may have been due to the process of friction measurement accelerating wear in the 
belt surface at the point where the measurement was made, thus the reducing 
coefficient of friction over time. It was found that a visual mark was left on the 
surface after measurement on the case of a stationary surface; such a mark is shown in 
Figure 7.8. This marking may be due to heat generated between both surfaces or due 
to deposits of contaminant from the surface of the rim of disc on the device. 
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Figure 7.6: Plot of Frictional Forces Generated, as Predicted by the Standard 
Model of Friction (a) Instance Relative Motion between Both Surfaces Occurs (b) 
Transition between Static Friction and Kinetic Friction (c) Kinetic Friction 
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Applied Force V Frictional Force Measured Using Protoype Friction Monitoring Device 
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Figure 7.7: Plot of the Output of the Friction Monitoring Device Applied to a 
Static Belt (a) Point of Slippage between Disc and Belt Surface (b) Transition 
between Static Friction and Kinetic Friction (c) Output due to Kinetic Friction 
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Figure 7.8: Blemish on Surface of Belt due to Measurement of Friction on the 
Static Belt by the Friction Monitoring Device 
A comparison between the frictional force generated between the surface of a belt and 
the surface of another object, in the case where the applied force was increased over 
time, was compared with the response predicted by the standard model of friction. 
This revealed that the salient features of the measured friction predicted by the 
standard model of friction were present in the measured response and thus provided 
evidence that the method described in section 7.2 may be applied for measuring both 
the static and dynamic coefficient of friction of the surface of a belt. Determination of 
both the static coefficient of friction facilitates the prediction of the condition under 
which slippage between belt and pulley will occur. Information regarding the dynamic 
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coefficient of friction facilitates the prediction of the performance of a BPT system 
once slippage has occurred. 
7.4.2 Consistency of Friction Measurement 
In the following section the results of an investigation into the consistency with which 
the prototype device measured friction in a moving belt are presented. This 
investigation was carried out by making multiple measurements of the friction profile 
of the belt described in Chapter 4. The average of all the values contained within each 
data set was then obtained resulting in a single value for each data set. The standard 
deviation around the mean of the set of values generated was then obtained as 
measure of the consistency of the measurement. 
Figure 7.10 contains a plot of a typical measured friction profile, Table 7.1 contains 
the average value of the 10 profiles obtained. The mean of the values presented in 
Table 7.1 is 0.855 and the standard deviation is 0.0196, standard deviation as a 
percentage of the mean is 2.2%. Thus, the coefficient of variation for the 
measurements of coefficient of friction was 2.2%. Possible sources of error included 
in the measurements obtained include inaccuracies in the setting of the normal force 
and measurement noise, and dc offset on the analogue electronics. 
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Table 7.1: Multiple Measurements of Coefficient of Friction taken with a 
Prototype Friction Monitoring Device 
Coefficient of Friction 
0.83 
0.84 
0.83 
0.86 
0.86 
0.84 
0.86 
0.87 
0.87 
0.89 
7.4.3 Variable Normal Force 
240 
The aim of this section is to present the results of an experiment carried out in order to 
determine whether a change in the normal force would affect the measurement of the 
coefficient of friction of a belt. 
This investigation was carried out by obtaining ten measurements of the coefficient of 
friction of a belt that had not been applied within a LSM, on the test rig described in 
section 4, using two different values of normal force. Measurements of the coefficient 
of friction were obtained with the disc applying a normal force of 0.28 N and a normal 
force of 0.59 N. The results are presented in Table 7.2. Column 1 of the table contains 
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the coefficient of friction measurement obtained with the normal force set at 0.29 N. 
Column 2 of the table contains the coefficient of friction of measurement obtained 
with a normal force of 0.58N. The average of all the friction values presented in 
column 1 of the table is 1.17 and the average of all the values presented in column 2 
of the table is 0.4. Thus the average difference, in terms of percentage decrease in the 
measured coefficient of friction due to the reduction of the normal force from 0.58 to 
0.29, was 66%. 
This result provides evidence that a change in the value of the normal force affected 
the measurement of coefficient of friction. Theoretically if the magnitude of the 
normal force is altered and as long as this is accounted for in equation (7.6) then no 
change in the measured coefficient of friction should have been detected. There could 
be a number of possible factors that may have affected this result. These include the 
wrong value of normal force being inserted into equation (7.6) because of inaccuracy 
in setting the normal force. Such inaccuracy may result due to violations of certain 
assumptions about the mechanism used to generate the required normal force in the 
prototype friction monitoring device. Such inaccuracies include the violation of the 
assumption regarding the value of the spring constant or due to the assumption that 
the spring obeyed Hooke's law. 
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Table 7.2: Multiple Measurements of a Coefficient of Friction taken with a 
Prototype Friction Monitoring Device using Two Different Values of Normal 
Force 
Coefficient of Friction 
O.29N O.S9N 
1.129 0.395 
1.147 0.399 
1.177 0.401 
1.196 0.405 
1.189 0.400 
1.191 0.399 
1.196 0.402 
1.157 0.398 
1.146 0.3815 
1.137 0.399 
An investigation was carried out into the effect of varying the normal force applied by 
the belt on the disc in the friction monitoring device. The results of the investigation 
showed that a reduction in the measured coefficient of friction occurred if the normal 
force was reduced. A number of explanations for the occurrence of this result were 
presented including that certain assumptions with regards to the mechanism used by 
the prototype friction monitoring device to generate the required normal force were 
violated. 
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7.4.4 New Belt v Used Belt 
In this section the result of a comparison between friction measurements obtained 
from an unused belt and a belt that had been in service within a letter sorting machine 
are presented. It was hypothesised that the belt that had been in service within a LSM 
would possess a lower coefficient of friction. This hypothesis was formed based on 
reports in the literature reporting the degradation of the friction layer over time occurs 
due to slippage between the belt surface and the system pulleys, and heat generation 
due to friction. 
The investigation was carried out by transmitting motion to a pulley using a belt that 
had been used within a LSM, in the test rig described in section 4. These 
measurements were compared with the coefficient of friction measurements presented 
in Table 7.1. 
The results of the investigation are presented in Table 7.3. The table contains the five 
measured values of coefficient of friction. The average of the five values presented in 
Table 7.3 is 0.588. The average value of the coefficient of friction measurement 
obtained from the equivalent belt but which has not been used within the LSM is 
0.855. Hence the coefficient of friction in the used belt was 31 % less than the belt 
which had not been used. 
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Table 7.3: Multiple Measurements of the Coefficient of Friction Between Disc 
and a Worn Belt 
Coefficient of Friction 
0.585 
0.586 
0.593 
0.598 
0.6 
This result shows the suitability of a device based on the method described in section 
7.2 for monitoring changes in the coefficient of friction of belts due to friction layer 
wear in BPT systems. 
7.4.4.1 Measurement of Friction Layer Wear Uniformity 
In the previous section the coefficient of friction of an unused LSM belt was 
measured. This was compared with that measured in a belt that had been utilised in 
the same BPT system in the letter sorting process for an unspecified amount of time 
before it was removed as part of routine. maintenance procedures. The purpose of this 
chapter is to present results into an investigation into the uniformity of the reduction 
in friction layer coefficient of friction along the width of the belt that had been in 
service within a LSM. It was assumed that the coefficient of friction along the width 
of the new belt was constant based on manufacturers' data. 
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The investigation was carried out by considering the width of the belt as consisting of 
two sections in which the boundary between both sections was located midway along 
the width of the belt. Five measurements of coefficient of friction were carried out at 
the midpoint of the lower half of the belt width and five measurements of coefficient 
of friction were obtained at the midpoint of the top half of the belt. In both cases the 
measurements were taken from the friction layer that contacts with the BPT pulleys. 
The results of these measurements are presented in Table 7.4. Column 1 of the table 
contains the magnitude of the friction measured in the lower half of the width. 
Column 2 of the table contains the values of the coefficient of friction taken from the 
top half of the belt. The average value of the coefficient of friction measured in the 
lower half of the belt was 0.777, the average value of the coefficient of friction 
measured at the top half of the belt was 0.593. A difference of 31 % between the 
coefficient of friction in the top half of the width of the belt and the bottom half of the 
belt was observed. 
Table 7.4: Multiple Measurements of the Coefficient of Friction between the Top 
Half and the Bottom Half of a Belt and an Aluminium Disc 
Coefficient of Friction (Lower Halt) Coefficient of Friction (Upper Halt) 
0.7503 0.585 
0.7576 0.586 
0.7847 0.594 
0.7953 0.598 
0.7957 0.6 
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In summary, the prototype friction monitoring device based on the technique 
described in section 7.2 was used in order to measure the coefficient of friction of a 
LSM belt at two separate points along the width of the belt. It was found that there 
was a 31 % difference between the coefficient of friction measured at both points. This 
result provides evidence that the friction layer wear is non-uniform along the width of 
the belt in the BPT system from which the belt was obtained in the LSM. 
7.4.4.2 Detection of Friction Layer Contaminant 
In the following section the result of an experiment in order to prove the hypothesis 
that the method of friction measurement proposed in section 7.2 may be applied in 
order to detect the presence of friction layer contaminant that reduces the coefficient 
of friction between two surface, is presented. 
In BPT systems the contamination of the friction layer of the belt may occur. For 
example, in BPT systems applied for conveying materials such as those applied in the 
mining industry and postal industry contamination of the friction layer of a belt due to 
deposits originating from the material being transported may occur. Such deposits 
may in tum contaminate other items being conveyed or adversely affect the 
coefficient of friction of the belt leading to the occurrence of slippage between the 
items being conveyed or between the belt and pulleys. Such situations may be 
undesirable in terms of their effect on the availability of the processor in terms of 
safety issues. Thus the detection of the presence of a friction layer contaminant is 
desirable. 
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Measurements of the belt friction in the case where the surface of the belt is 
contaminated with water were carried out. Water on the surface of rubber reduces the 
coefficient of friction of the rubber (Richards and Roberts, 1995) and thus the 
experiment was carried out in order to determine whether the method could detect the 
ensuing decrease in the coefficient of friction of a belt. The prototype friction device 
was applied on a dampened belt within a BPT system in order to quantitatively 
measure the effect of water on the coefficient of friction. The BPT system in which 
the device was applied to the belt was the BPT system described in section 4. The 
conveying side of the belt on the test rig was dampened during this investigation. Six 
measurements of the coefficient of friction were acquired with the device over a 
period of three minutes. The measured friction values are presented in Table 7.5. It 
was found that 54% decrease in the measured coefficient of friction of the belt 
occurred, this was ascertained by calculating the percentage difference between the 
average of the contents of Table 7.1 and the average of the contents of Table 7.5. The 
coefficient of friction also increased monotonically over time. This may be seen in 
Figure 7.9, which is a plot of the measured coefficient of friction versus time. It was 
assumed that this was due to the evaporation of the moisture on the belt. 
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Table 7.5: Multiple Measurements of the Coefficient of Friction between Surface 
of a Belt Contaminated with Water and the Disc 
Coefficient of Friction 
0.413 
0.423 
0.429 
0.584 
0.799 
0.897 
Chapter 7: A Novel Device for Monitoring Belt Friction 
0.85 
0.8 
0.75 
~ 0.7 
o 
.c: 
u.. 
'0 C 0.65 
Q) 
·u 
~ 8 0.6 
() 
0.55 
0.5 
0.45 
Coefficient of Friction Versus Time 
/ 
/ 
/ 
0.4~----L-----L---~~--~~--~~--~~--~~--~~--~ 
o 20 40 60 80 100 120 140 160 180 
Time (Seconds) 
249 
Figure 7.9: Plot of Measurements of the Coefficient of Friction between Surface. 
of a Belt Contaminated by Water and Disc Surface 
The presence of a contaminant In the fonn of water on the surface of the belt 
decreased was detected using the method discussed in section 7.2. The presence of the 
water indeed decreased the coefficient of friction of the surface of the belt by a 
significant amount. 
7.4.5 Detection of a Localised Friction Fault 
The following section presents the results of an investigation carried out in order to 
test the hypothesis that a friction monitoring device based on the method described in 
section 7.2 is sensitive to localised friction layer faults. 
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The investigation involved obtaining and analysing the friction profile of a belt with a 
localised friction layer fault using a prototype friction monitoring device. A localised 
friction layer fault was created on a belt which was used to transmit motion in the test 
rig described in section 4. The nature of the friction layer fault was a region on the 
belt with a significant lower coefficient of friction than the portion of the friction layer 
that fell out with this region. A region on the belt with a significant lower coefficient 
of friction was created by adhering a patch of material with a low coefficient of 
friction with respect to the coefficient of friction of the surface of the belt, to the belt. 
The particular material used in order to facilitate simulation of the localised friction 
layer fault was a rectangular shaped section of tin foil 5x 1 em in length. 
Five sets of friction profiles were obtained from the defective belt in the case where 
the belt was running at 1.5 ms- t and in the case where the belt was travelling at 3 ms- t • 
Figure 7.10 is a plot of a profile of a belt without the friction layer fault. Figure 7.11 is 
a plot of a friction profile with the fault in the case where the belt is travelling at 3 ms-
t. The friction profile of the belts with the friction layer faults contains.a series of dips 
with a gradient noticeably larger than the general variations in the friction profile that 
were not present in the profile of belt friction in which the friction layer fault was not 
present. 
If the dips in the measured friction profiles were caused by the localised friction layer 
fault then they would have been expected to occur periodically with the time period in 
between the occurrence of each dip coinciding with the time taken for one entire 
revolution of the belt to occur. In the case where the belt was travelling at 1.5 ms- t the 
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time taken for one entire revolution of the belt to occur was 0.933 seconds. The 
average period in between dips in the measured coefficien~ of friction was 0.99 
seconds. In the case where the belt was travelling at 3 ms- I the time taken for one 
entire revolution of the belt to occur was 0.467 seconds. The average period in 
between dips in the measured coefficient of friction was 0.44 seconds. 
The magnitude of the dips in each of the acquired friction profiles was measured. The 
results of these measurements are presented in Table 7.6. Each element of column 1 
of the table contains the average of the magnitude all the 5 dips in an acquired friction 
profile when the belt was travelling at 1.5 ms- I . Each element of column 2 contains 
the value of the spread of the magnitude of the dips in the coefficient of friction 
around the mean value. Each element of column 3 of the table contains the average of 
the magnitude of all the 11 dips in an acquired friction profile when the belt was 
travelling at 3 ms- I . Each element of column 2 contains the value of the spread of the 
magnitude of the dips in the coefficient of friction around the mean value of the 
magnitude of the dips in a friction profile acquired when the belt was travelling at 3 
ms- I . 
The mean magnitude of all the dips that occurred in the acquired friction profiles due 
to the localised friction layer fault in the case where the belt was travelling at 1.5 ms- I 
is 0.0709. The mean magnitude of all the dips that occurred in the acquired friction 
profiles due to the localised friction layer fault in the case where the belt was 
travelling at 3 ms- I is 0.06498. Thus it is 8.3% lower on average. The average spread 
of the dip values in terms of the percentage of the mean of the values is 11 %, in the 
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case of 3ms-1 it is 19%. Thus even though the mean of the magnitude of the dips was 
lower when the belt was travelling at 3ms-1 there was a relatively high standard 
deviation of the magnitude of the measured dips. 
Table 7.6: Change and Standard Deviation of the Change in the Coefficient of 
Friction of a Belt with a Simulated Friction Layer Fault for Two Separate Belt 
Velocities 
Belt Velocity = 1.5ms-1 Belt Velocity = 3ms-1 
Standard Standard Deviation Dip Magnitude Deviation of Dip Dip Magnitude 
of Dip Magnitude Magnitude 
0.0844 0.0096 0.061 0.0091 
0.0753 0.0103 0.0711 0.0119 
0.075 0.0053 0.068 0.0215 
0.0616 0.0083 0.0655 0.0104 
0.0583 0.0085 0.0593 0.0093 
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Figure 7.10: Plot of the Friction Profile of a Belt with No Induced Friction Layer 
Faults 
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Figure 7.11: Plot of the Friction Profile ofa Belt Travelling at 1.5 ms- I with a 
Simulated Localised Friction Layer Fault 
Chapter 7: A Novel Device for Monitoring Belt Friction 
5 
n 
.1:: 
u. 
Friction Profile of Belt with Localised Friction Layer Fault: Belt Velocity = 3 Metres/Second 
0.94 ,...-----,---,---,-----,-----.-----r-----,----.---,------, 
0.92 
0.9 
~ 0.88 
c:: 
Q) 
·13 
~ 
o 
0.86 
0.84 
0.82 '--------'----L---'--_---'-__ -L... __ -'-_---'-__ --'-__ ..L.L_--' 
o 0.5 1.5 2 2.5 3 3.5 4 4.5 
Time (Seconds) 
Figure 7.12: Plot of the Friction Profile of a Belt Travelling at 3 ms- I with a 
Simulated Localised Friction Layer Fault 
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In this section an investigation in order to determine whether the method described in 
section 7.2 was sensitive to localised friction layer faults is described. The output of a 
device based on this method of measuring friction around the length of a belt would 
consist of a series of periodic dips in which the period between dips would coincide 
with the time taken for one entire revolution of the belt to occur. A prototype device 
based on the method was applied to a belt with a simulated localised friction running 
on a test rig. The results of the investigation proved the hypothesis that a friction 
measurement device based on the method described in section 7.2.1 would be able to 
detect a localised friction layer fault, and potentially provide information with regards 
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to the location of such a fault along the length of the belt. Statistical data regarding the 
numerical magnitude of the dips in the measured friction profiles was also presented. 
7.5 Summary of Chapter 7 
In this chapter a novel method of measuring changes in the coefficient of friction 
BPT system belts and the measurement of the coefficient of friction between a belt 
surface and a material was presented. The advantage of this particular method was 
that it could potentially directly measure the coefficient of friction along the entire 
length of a belt without requiring information with regards to other parameters of the 
BPT system such as belt span tensions. A prototype friction monitoring device was 
developed based on this principle and various tests on a BPT system using this 
method were carried out. 
The consistency with which the device can measure the coefficient of friction in a 
moving belt was examined. This investigation demonstrated the validity of the 
principle on which the design of the device was based and demonstrated the reliability 
of the device for quantitatively measuring friction. The device was then used to detect 
a difference between the coefficient of friction of a belt that had been utilised within a 
LSM for a period of time and a belt that had not been utilised within an LSM. This 
investigation highlighted the suitability of the principle for tracking changes in the 
condition of the friction layer. An investigation as to whether the device could detect 
the presence of a friction layer contaminant was carried out. The device successfully 
detected a much decreased coefficient of friction due to the presence of water on the 
friction layer of a belt and was also able to quantitatively track the subsequent 
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Increase In the belt friction as the contaminant dispersed over time. This result 
provided evidence with regards to the suitability of the method for tracking changes in 
friction layer condition over time and highlighted the adverse affect that the presence 
of water has on the surface of an Acrylonitrile Butadiene Rubber surface in terms of 
loss of friction. 
The suitability of the device for the detection of a localised fault in the friction layer 
of a belt was assessed. It was found that the output of the device responded as 
hypothesised to the presence of a simulated localised decrease in the coefficient of 
friction of the surface of a belt, thus providing evidence for the suitability of the 
device to not only detect localised friction layer faults but also to provide information 
with regards to the location of the friction layer fault. This result demonstrated the 
suitability of the principle for the detection of the presence of contaminants such as 
grease normally applied to BPT pulley bearings or patches of water on a belt. 
In the case of a belt which had been in service within an LSM the prototype device 
was used to show that the coefficient of friction was not constant along the width of 
the belt suggesting that wear of the surface of the belt does not occur evenly across 
the width of the belt. This result also demonstrated the suitability of the device in 
order to investigate the patterns of wear on a belt and thus provide information with 
regard to specific running characteristics that may, for example highlight a design 
flaw in a BPT system. Such information may also be utilised for the purposes of 
condition monitoring of a BPT system. 
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A patent on the principle on which the device has been applied has been filed and is 
discussed in appendix II. A second generation of the prototype has also been 
developed; this is shown in Figure 7.13. 
Figure 7.13: Picture of the Second Prototype of the Friction Monitoring Device 
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The next chapter presents the conclusions of the work discussed in this document and 
possible ways in which this work could be extended. 
Chapter 8 
Conclusions and Further Work 
Within this dissertation, research carried out on the topic of the condition monitoring 
of belt based transmission systems was discussed. The research consisted of the 
following elements: the generation of apriori knowledge on the condition monitoring 
of belt using knowledge extracted from current literature of BPT systems, the 
generation of knowledge regarding the characteristics of belt transverse vibration 
analysis and the development of novel techniques belt condition monitoring. 
In chapter 3 apriori knowledge regarding the condition monitoring of belts was 
generated by evaluating current knowledge of BPT systems within the context of belt 
condition monitoring. It was concluded, based on current theories on belt slippage 
mechanisms, that theoretically slippage is sensitive to changes in the elastic modulus 
of a belt and the torque transmitted by belt drives. Assuming that the belt obeys 
Hooke's law then the equations presented in chapter 3 may be used to quantitatively 
predict the change in slippage that one may expect in response to changes in the 
elastic modulus or transmitted torque. Thus, belt slippage is sensitive to fault modes 
that affect the tension modulus of a belt, including localised tension layer faults. In 
this chapter it was also shown how, potentially, the condition monitoring of serpentine 
belts drive can be achieved by monitoring belt vibration and belt slippage that occurs 
around a single pulley. This chapter also discussed applications of tension monitoring 
using belt vibration for the purposes of belt condition monitoring. 
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In chapter 5, empirical knowledge regarding to the structure of belt transverse 
vibration was generated through the application of frequency analysis. In this chapter 
the following conclusion were made. 
• A high degree of correlation existed between belt vibration power and belt 
velocity with the relationship between both being approximately linear. 
• When the belt spans in the test rig were in motion frequency components of 
the belt vibration were present that were significantly larger in amplitude than 
the resonant frequency of the moving belt. 
• Through the application of frequency analysis, the resonant frequency of a 
moving belt span could be measured, if the moving belt span is excited by an 
impulse. Thus, the tension of a moving belt may be measured provided the 
initial tension and the velocity of the belt is known. 
• A frequency domain algorithm was presented that increased the ratio of the 
amplitude of the resonance frequency to other frequency components that may 
be considered 'noise'. 
• The amplitude spectrum of the belt vibration measured consisted of multiple 
peaks that were separated by an amount approximately equivalent to the belt 
rotational frequency. 
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• The measurement of the distance between amplitude spectrum peaks 
potentially constitutes a method through which to measure belt velocity or 
slippage by measuring belt vibration. 
• The characteristics of the amplitude spectrum indicated that modulation of 
vibration components by the belt rotational frequency was occurring. 
In chapter 6 a time/frequency transform (the wavelet transform) was applied for the 
analysis of belt vibration data. A technique was developed that facilitated the 
correlation of events that occur in the frequency domain features of belt transverse 
vibration with events that occur in BPT systems. The following was concluded in this 
chapter: 
• Time frequency transforms may be applied for the correlation of frequency 
domain events with events that occur within a belt drive, such as contact 
between a section of belt and a pulley. 
• Amplitude modulation of the vibration occurs with vibration at the pulley 
rotational frequency being modulated by the belt rotational frequency. 
• The modulation of the pulley rotational frequency occurs because of an 
increase the amplitude of the pulley rotational frequency that occurs when the 
belt join contacts either of the system pulleys. 
• An increase in the amplitude of components less than the pulley rotational 
frequencies occurred when the belt join passed the vibration sensor. 
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• Time/frequency analysis is potentially a powerful tool for the condition 
monitoring of belts, since it may be applied to detect fault signatures in the 
form of belt vibration features such as non-stationarities and track signatures 
associated with belt drive events in multi-pulley systems. 
In chapter 7 a novel method for measuring the coefficient of friction between a 
surface of a belt and the surface of a material, such as that which the system pulleys 
consists of, was presented. This method was implemented in the form of a prototype 
device. A second prototype based on this method has been constructed and a patent on 
the method has been filed. The following is a summary of the results obtained using 
the prototype device: 
• The device allows the direct measurement of the coefficient of friction 
between the surface of a belt and pulley surface. Current methods require the 
measurement of belt span tensions and belt slippage and belt drive geometry. 
• If the surface of a material does not correspond with the material from which 
the pulleys are constructed the method may be applied to detect changes in the 
coefficient of friction between a surface of the belt and the material. 
• The method can measure a coefficient of friction whilst the belt is in motion. 
• The method may be used to detect and locate local variations in the coefficient 
of friction. 
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Five conference papers and one journal paper were accepted for publication during 
the course of this work; details of these publications may be found in the references, 
(Notini et aI., 2002), (Notini et aI., 2003a), (Notini et aI., 2003b), (Zorriassatine et aI., 
2003a), (Coy et aI., 2003), (Zorriassatine et aI., Accepted May 2004) and in appendix 
1. In addition to the results and their dissemination a number of patents were regarding 
the monitoring of BPT systems were filed as part of this work. These patents, which 
are presented within appendix II, include novel methods of belt monitoring such as 
the friction monitoring device. 
8.1 Further Work 
The following are suggestions as to how the work discussed in this thesis may be 
developed further. 
In the preceding sections, the condition monitoring of belts through the monitoring of 
belt vibration, and the characteristics of belt vibration were discussed. The results 
presented were obtained by measuring belt vibration in a two-pulley BPT system that 
was not transporting items. Within mail item sorting processes belt drives are applied 
for the transportation of items of mail. It is acknowledged that, in terms of belt 
transverse vibration, this situation differs from the one investigated in the preceding 
chapters because the transportation of mail items may affect the dynamics of belt 
vibration. The dynamics may be affected by the additional masses transported by the 
belt drives (Kim and Marshek, 1990), as well as the potential coupling between 
vibration generated by the individual belt drives that form the system that grips and 
transport the mail items. Investigation of how the transportation of mail items affects 
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the dynamics of belt vibration and subsequently the condition monitoring of belts 
constitutes a possible extension of this work. A facilitating method for such an avenue 
of investigation may consist of the application of the concept of smart letter/parcel. 
The concept of the smart letter/parcel involves the creation of an object possessing the 
form of a standard mail item such that it can be processed using current automated 
mail item sorting processes; the object contains various instrumentation and data 
logging hardware such that it measures variables such as strain and/or acceleration it 
has experienced whilst being processed by the mail item sorting machinery. If it is the 
case that the transportation of mail items affect the dynamics of belt vibration, then 
certain characteristics of the resulting belt vibration may distort or mask 
characteristics of the belt vibration that contain information regarding the condition of 
a belt drive. Another possible avenue of investigation involves the fusion of data from 
both the smart letter and belt vibration sensors in order to identify and compensate for 
the effects of such distortion or masking. For example, through the application of 
adaptive filtering. 
Work has been carried out on the condition monitoring of belt pulley bearings through 
the detection of acoustic signatures generated by pulley bearing fault modes (Salvan, 
2002). Since pulley and belt are coupled mechanically bearing faults may affect belt 
vibration and belt faults may alter the characteristics of acoustic signatures associated 
with pulley bearings. For example, an increase in slippage may affect the frequencies 
associated with bearing race faults and variables such as angle of wrap, belt tension 
and the dynamic components of belt tension affect how stress of the various 
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components of rolling element bearings is distributed. Hence, a possible avenue of 
investigation may involve exploring specifically how belt drive variables affect the 
acoustic signatures of pulley bearing faults. Conversely one may investigate whether 
one can infer belt fault modes through monitoring characteristics of pulley bearing 
acoustic signatures. The work on acoustic monitoring of pulley bearings utilise 
microphones for monitoring variation in air pressure such sensors have also been used 
for the measurement of belt vibration for the measurement of the resonant frequency 
of a static belt (Fawcett et aI., 1988). These sensors can measure vibration up to the 
audible range of 20,000 Hz, in many belt drive applications the majority of the 
transverse vibration excited due to . direct or parametric excitation occurs at 
frequencies within the range of hundreds of hertz. A potential avenue of investigation 
involves the application of pulley bearing acoustic sensors for the detection of friction 
induced vibration between the belt and pulley, which can potentially occur in the 
upper end of the audible acoustic frequency range and beyond. 
In section 3 it was shown that belt slippage is sensitive to various belt drive variables 
and fault modes. The monitoring of pulley speeds would facilitate the monitoring of 
slippage and hence the detection of· slippage features that constitute belt fault 
signatures. Various means exist for the monitoring of pulley velocity as discussed in 
section 5.2.11.1. Thus, a possible extension of this work involves the application of 
the theories presented in chapter 3 in order to derive models of belt slip signatures for 
various belt fault modes and exploration of the range of belt faults, belt material 
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properties, and pulley speed monitoring technologies for which belt condition 
monitoring via the monitoring of pulley velocities is feasible. 
In section 5 it was found that, for the data acquired, the signal (vibration at moving 
belt span resonant frequency) to noise (al other vibration components apart from 
moving belt resonant frequency) was too low in order to measure the value of the 
resonant frequency of the moving belt using the methods investigated. Studies of belt 
transverse vibration have shown that excitation of the resonance frequency of a 
moving belt span occurs when the resonant frequency of a moving belt span equals 
half the value of the pulley rotational frequency. One possible avenue through which 
work may be extended involves the exploration of a method of measuring the 
resonance frequency of a belt span, without exciting the span with an impulse, 
through the excitation of the resonant frequency of a moving belt span through 
adjustment of the velocity of the system pulleys, such that the signal to noise ratio is 
maximised. A complicating factor in this method consists of the fact the actual 
process of adjusting the rotational frequency of the pulley would also alter the 
velocity of the surface of the pulley and subsequently the velocity of the belt span; the 
change in the velocity of the belt would in turn affect the resonant frequency of the 
moving belt. Decreasing the radius of a belt pulley decreases the· change in the 
resonance frequency of the belt that occurs in response to a change in the rotational 
frequency of the pulley, for any given range of pulley rotational frequencies. 
Another possible avenue of investigation involves applying development of a system 
for the condition monitoring of belts using multiple sensors in which information 
Chapter 8: Conclusions and Further Work 268 
generated by all sensors is used in order to generate information regarding the 
condition of the system. The component of the system that performs condition 
classification may consist of a knowledge-based system such as an expert that system 
that infers component condition based on the features extracted from the output of the 
sensors. The base of knowledge through which condition classification is carried out 
may incorporate current knowledge on BPT system condition signatures and such 
knowledge obtained through direct experience with a particular realisation of a BPT. 
Knowledge based on direct experience of a particular BPT system may be obtained 
through autonomous means or may include knowledge obtained by personnel 
involved in system maintenance or operation that is encoded within a suitable form. 
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Appendix I: Publications 
An outcome of this research consists of five conference papers and one Journal paper 
having been published. Papers have been published in the following conference 
proceedings: 
1. Proceedings of Mecahatronics 2002; the 8th Mechatronics forum International 
Conference held at the University of Twente in the Netherlands. 
2. Two articles in the proceedings of the International Conference on Mechatronics 
(ICOM 2002) held at Loughborough University. 
3. The proceedings of the 2003 Condition Monitoring and Diagnostic Engineering 
Management (COMADEM 2003) held at Vaxjo University in Sweden. 
4. The proceedings of the 15th International Conference held in 2003 in Windsor in 
the United Kingdom. 
The journal article emanating from this research has been accepted for inclusion 
within the following journal: 
The Institute of Mechanical Engineers Part I: Journal of Systems and Control 
Engineering. 
This remainder of appendix I consists of the article accepted by The Institute of 
Mechanical Engineers Part I: Journal of Systems and Control Engineering, and a 
paper published in the proceedings of the International Conference on Mechatronics 
held at Loughborough university in 2002. 
Smarter Maintenance through e-Condition Monitoring with Indirect Sensing, Novelty 
Detection and XML 
F. Zorriassatine l, B. Ashraf, L. Notinil, R.M. Parkinl, M.RJacksonl and l.Col 
I Mechatronics Research Centre, Wolfson School of Mechanical & Manufacturing 
Engineering, Loughborough University, Leicestershire LEI I 3TU, UK 
2Technology Centre, Royal Mail Group pic, Swindon, SN3 4RD, UK 
Abstract - In engineering, combining a number of solutions and technologies can 
result in more effective systems than using only one approach on its own. In 
particular, it has been shown that in condition monitoring (CM), smarter maintenance 
systems may be obtained by integrating various sensors together. This paper extends 
this idea by integrating various non-homogeneous technologies horizontally. The 
proposed system is an Internet-based Condition Monitoring (e-CM) prototype that can 
identify abnormal tension in moving belts. It is shown that by applying a 
classification technique, known as Novelty Detection, it is possible to decide the 
status of belt tension by processing the belt vibration signals from an optical sensor 
(i.e. an indirect sensing approach). A novel method for industrial network 
communication using XML to create a single standard format for sensor information 
is also used to link the sensor to the process controller via the Internet using the 
flexible Can bus technology; this is used together with low cost microcontrollers with 
built-in Ethernet link for data acquisition and transmission. The resulting integrated 
approach is more efficient because: a) it can reduce waste by minimising process 
interruptions caused by direct belt inspection methods while obtaining high detection 
accuracy (99.67%), and b) it can provide on-line remote CM that is cost-effective, 
simple, standardised and scalable across a wide area and for a relatively large number 
of sensors. This improvement is especially important when applied to bottleneck 
processes and critical components. 
Keywords: condition monitoring, indirect sensing, novelty detection, belt, XML 
1. INTRODUCTION 
The fierce competition to gain secure and stable market positions is the driving force 
behind the move for lower costs, faster and more stringent control, and minimisation 
of human operator involvement. This phenomenon is ever more present in all types 
of industry including manufacturing as well as the service sector. 
Royal Mail, which is one of the largest service providers in the UK, is no exception to 
the above observation. The importance of prompt delivery of mail items (letters, and 
parcels alike) dictates that all operations including the automated mail sorting plants 
maintain reliable and uninterrupted process runs. This is especially true during the 
peak times when the volume of mail to be processed is so high that process delays can 
result in severe delivery delays, increased mail backlogs and associated redistribution 
and reprocessing costs, and occasionally high fines imposable by the government 
appointed regulating bodies. 
In most of the mail sorting centres (a total of 75 such centres throughout the UK) 
there are a number of different types of automated mail processing machinery. In 
particular, one group of these machines, i.e. the Integrated Mail Processing (IMP) 
units, can process up to 40,000 letters per hour each. Typically, most mail centres 
have 2 or 3 IMPs, each of which consists of approximately 700 rolling element 
bearings and 300 conveyor belts of different sizes and specifications (e.g. see Figure 
1). The importance of reliable belts and bearings operation is even easier to 
understand if the above component figures are scaled up to cover the entire set of mail 
sorting plants nationally in the UK. 
Bearings 
Figure 1 Extensive deployment of rolling element bearings and belts for transporting 
mail items within the processing machinery 
A belt based motion transmission system possesses a number of possible failure 
modes. Such failure modes include wear or contamination of the surface of the belt 
(leading to slippage and reduced power transmission capacity), tension layer faults 
(such as non-uniformity of elastic modulus and non-uniformity of tension 
distribution) the embedment or adhesion of an object on the belt surfaces and pulley 
misalignment. 
Previous studies of belt faults have shown that belt failure modes affect the 
characteristics of belt vibration. It has been shown that changes in the Fourier 
decomposition of belt vibration occur in response to an increase in slippage [1]. Belt 
joints and other forms of tension layer non-uniformity affect characteristics of belt 
vibration [2-4]. In [5] the focus of study consists of the effect on the characteristics of 
belt vibration of the presence of an object, in the form of a weld, on the layer of a 
metal belt that contacts the system pulleys. It has been shown that all the failure 
modes mentioned affected vibration on a pulley mounting [6]. Since coupling 
mechanisms between pulley mountings and belts exist then the work referred to also 
provides additional evidence that various belt fault modes affect belt vibration. 
Condition monitoring (CM) diagnoses faults by continuously obtaining and analyzing 
signals from a process. CM, in general, has been identified as an effective 
maintenance strategy for Royal Mail's automated mail processing plants as it can 
provide machine fault information either in advance or before a machine or its 
components reach critical conditions in order to allow timely and appropriate 
maintenance actions to be taken [7]. In particular, efficient and effective monitoring 
of the moving belts is one of the several vital routes of implementing a CM strategy at 
Royal Mail. This study focuses on the CM of belts with respect to their tension 
variations. 
Engineering and science are evolving in all directions. As in most areas of 
engineering new techniques for condition monitoring are emerging and it is difficult 
to keep abreast of all these developments. Many agencies have been active in 
committing personnel and financial resources in programs to develop better and 
smarter diagnostic systems in order to monitor process deterioration and predict its 
failure [8]. Combining a number of solutions and technologies can often result in 
more effective systems compared with situations when only one approach is used on 
its own in order to improve an existing system. In particular, it has been shown that 
in condition monitoring (CM), smarter maintenance systems may be obtained by 
integrating various sensors together [see for example 9-10]. This paper extends this 
idea by integrating various non-homogeneous technologies horizontally in order to 
achieve smarter CM. 
It is shown here that by intelligently combining a number of different techniques, e.g. 
Novelty Detection for data modelling, with some of the evolving technologies such as 
the Internet, together with the existing condition monitoring methods (e.g. belt 
vibration measurement) a smarter maintenance system can be obtained. The resulting 
system will be more efficient and flexible than the ones obtained through the 
prevailingly isolated introduction of new approaches to CM. 
2. DETECTING CHANGES IN BELT TENSION 
2.1 Belt tension measurements 
The tension in the spans of a stationary belt (known as 'the initial tension') is an important 
factor when designing and maintaining belt drives. If the initial tension is too high then 
components connected to the drive may be damaged due to exposure to excessive stress [11]. 
If the initial tension is too low then this limits the maximum power that can be transmitted by 
a belt drive which may lead to the occurrence of excessive slippage [12]. Slippage accelerates 
belt surface wear and also affects the energy efficiency of the belt drive. In order to execute 
the condition based maintenance of belt drives, it is necessary that non-negligible changes in 
belt drive variables such as the initial tension are detectable. Once such changes are detectable 
maintenance tasks can be scheduled accordingly. 
It has been shown that characteristics of the transverse vibration of a belt drive are affected by 
various variables [2 and 13]. One such characteristic is the resonance frequency of a belt 
drive, which is dependant on initial belt tension (amongst other variables). This is the case in 
both stationary belt spans and the belt spans of a drive that is transmitting mechanical power. 
Various methods have been developed to assist in both the assembly and maintenance of belt 
drives. For example, a device for measuring the resonance frequency of a stationary belt [14] 
was developed in order to facilitate the accurate measurement of initial belt tension. This 
method requires that the resonance frequency of a belt is excited. Excitation of the resonance 
frequency of a belt span may be achieved by subjecting the span to an approximation of a unit 
impulse. The unit impulse approximation is generated through a collision between the span 
and an object such as the reciprocating element of a solenoid. When a belt is in motion 
transverse vibration of the belt spans is produced through mechanisms such as parametric 
excitation [15]. 
2.2 Collecting Transverse Vibration Signals 
Equations 1 and 2 constitute the basic equations of motion for a string coupling two fixed 
pulleys and travelling at a constant velocity [16]: 
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The right hand side of the Equation 1 includes (respectively) terms that take into account the 
influence of tension in the transverse direction, Coriolis force, centrifugal force, damping and 
the bending stiffness of the string. Table 1 provides a list of the dependent and independent 
variables of equations 1 and 2: 
T bl 1 Th r fd a e e 1st 0 d epen ant an d· d d . bl to epen ent varta es 
t Time 
To Initial Tension 
y Horizontal position within a 2 dimensional Cartesian co-ordinate system 
x Vertical position within a 2 dimensional Cartesian coordinate system 
m Mass per unit length 
r Damping coefficient 
v String velocity 
c Wave velocity 
A test rig was constructed that consisted of a two-pulley belt-based power transmission 
system (see Figure 2). The initial tension of the belt in the rig was adjustable through the 
presence of a mechanism that altered the distance between the driven and driving pulley. Belt 
vibration data was acquired from the belt under the following six conditions: To = 98, 138, 
198 255, 315, and 374 Newtons. Vibration data sets were acquired from the centre of a span 
of the belt when the belt was travelling at 3ms· l . 
Figure 2 The test rig mimicking a typical mail belt drive with its mechanism for tension 
adjustment shown inside the ellipse. 
In order to measure the magnitude of belt transverse vibration an infra-red based 
vibration sensor was applied. This sensor converted the magnitude of the distance of a 
vibrating belt from the sensor by measuring the level of non-coherent infra-red light 
reflected from the surface of the belt. The source of the infra-red light is contained 
within the transducer and consists of a light emitting diode whose output is modulated 
in order to minimise the effect of background infra-red radiation on the vibration 
measurement. The level of the reflected infra-red radiation is measured by the sensor 
through the application of an opto-diode that is sensitive to light within the frequency 
range of the light emitted by the emitting diode. The sensor was sensitive to belt 
vibration within the frequency range of 10-100 Hz according to manufacturers data. 
Table.2 provides typical values for the resonance frequency of the belt. Integrated 
Display Systems based in Gateshead in the United Kingdom manufactured this 
sensor. The output of the vibration transducer was converted to a digital signal 
through the application of an analogue to digital converter with a maximum sampling 
rate of 500 Hz and a resolution of 12 Bits. 
T bl 2 T . I fi fI th b It a e. yplca resonance requencles or e e 
Tension Resonance Frequency Hz 
375 20.2 
314 18.6 
255 16.8 
198 14.8 
138 12.4 
90 10 
Figure 3, is a plot of the transverse motion of the centre of a moving belt span. This is a plot 
of a three second segment of vibration from an element of the set of vibration data processed 
to train the novelty detector as described in section 3. Apparent from visual inspection of the 
signal is the fact that the signal is amplitude modulated and consists of multiple sinusoidal 
components ofsigniftcant amplitude. A quantitative analysis of the characteristics of such belt 
vibration signals may be found in [2]. 
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Figure 3 Plot of a segment of data from an element of the set of vibration data with an 
initial belt tension of 90 Newtons 
2.3 Sensitivity of belt vibration to changes in tension 
If certain characteristics of the transverse vibration of a moving belt are sensitive to changes 
in the initial tension then by only monitoring changes in those characteristics it may be 
possible to detect changes in tension indirectly. However, currently, most of these 
characteristics are either unknown or not sufficiently understood. Although belt resonance 
frequency is known to be dependable on the initial belt tension its monitoring requires the 
excitation of vibration in both stationary as well as moving belt spans is excited. Therefore, 
novelty detection is used in the absence of such knowledge to establish whether the belt 
vibration signal itself is sensitive to changes in the initial belt tension. The NO-based 
approach circumvents the above need for belt excitation and can hence reduce the interference 
with belt drives during their condition based maintenance. The next section demonstrates 
how this may be achieved. 
3. NOVELTY DETECTION TO IDENTIFY TENSION CHANGES IN 
MOVING BELTS 
In this section NO is applied in order to explore the feasibility of the notion of detecting a 
change in initial tension by obtaining and processing the transverse vibration of a moving belt 
span without applying a unit impulse to the span. 
3 
3.1 Novelty detection and its applicability for process control in 
general 
In recent years Neural Networks (NNs) have been increasingly used to classify the present 
process states into various known normal or abnormal conditions. The abnormal conditions 
that NNs are trained to recognise are pre-specified and in limited numbers. Most NNs require 
examples from more than one class in order to group their results into one of those classes. 
However, one major difficulty with such NNs is that it is impossible to know all the possible 
classes of abnormality a priori. Processes and systems can exhibit abnormal conditions that 
have never occurred before. Yet, it is still important that any abnormal condition is detected 
quickly. Novelty detection has been receiving increasing attention as an effective method to 
detect abnormal conditions in process control and condition monitoring applications (e.g. see 
[17 and 18]). This is because NO is able to identify a great range of abnormal conditions 
without ever requiring any a priori training examples other than those associated with the 
commonly found and easily available examples from normal conditions. NO provides a 
practical solution in the face of the unprediCtability and the sheer size of the possible number 
of variations for abnormal events. 
In essence, NO is able to create models of a labelled sub-space (training class or data) within 
a given problem space. Any new data from the problem space is compared against the NO 
model to check its similarity or difference which ultimately results in the new data being 
classed as either 'novel' meaning not from the training sub-space, or 'non-novel' (meaning 
from the same sub-space as the training data). [19 and 20] provide extensive reviews of the 
techniques for implementing NO in general. 
3.2 - The experimental set up and the results 
The vibration data associated with a given tension at normal operating conditions for a 
specific type of belt while in motion (i.e. at a given length and speed) was used to train 
various NO models. Several factors were taken into consideration when selecting the initial 
sampling rate. These factors include the Nyquist criterion, the roll-off rate of the low-pass 
element of the frequency response of the vibration transducer and data storage requirements. 
However, since different window sizes were applied to the initial samples the desired 
sampling rates were recalculated based on each window size. The vibration signals sampled 
at various frequencies were presented as time-series windows for input to NOs that were 
implemented as Gaussian Mixture Models [e.g. see p.79 and p.168 reference 21]. The training 
windows thus created from belt vibration data at a constant tension of 90 Newtons were used 
to create probability models to represent the normal initial tension of a moving belt. 
Vibration data related to six different tension settings (i.e. 90,138, 198,255,315 and 374 
Newtons) for the same belt were used to test the trained NO models (see Table 3). Figure 4 
shows examples of time-series windows for signals collected at tensions of 90 and 374 
Newtons respectively where the window for 374 Newton represents a non-negligible change 
in the normal belt tension of90 Newtons. 
Table 3 The results of testing the trained ND with 7000 example windows at different 
window sizes and at various belt tension (To) values for the same belt. 
(* Number of training examples=5000) 
NO parameters NO's Detection Accuracy (%) 
To=138I To =1981 To =2551 To =315 J To =374 
were closely similar. In this way, all the models showed to provide approximately 99.7% 
accuracy when tested with previously unseen belt vibration signals at an initial belt tension of 
90 Newtons. This arrangement provided a sound basis for comparing the accuracy 
performance of different models. Any input window that plotted at or below the threshold 
was regarded as 'novel' (i.e. abnormal) and otherwise as non-novel or normal. 
As shown in Table 3, increasing the input window size resulted in overall 
improvement on accuracy performance in detection of tension changes. This was 
especially true when the amount of tension change was high. The window size of 55 
provided the best accuracy results (average 99.67% for both normal and abnormal 
conditions). The associated sampling rate was at 121.79 Hz. 
The experiments proved that ND was capable of providing high accuracy to detect 
changes in the belt tension for the moving belt without applying any unit impulse to 
the span. The ideas for an on-line indirect sensing are embodied in the system 
outlined in section 4. 
4. INTEGRATED SYSTEM FOR e-CONDITION MONITORING 
The proposed system, as outlined in Figure 5, is an Internet-based Condition 
Monitoring (e-CM) prototype that has successfully identified abnormal tension in 
moving belts. The signal obtained from an optical sensor describes the vibration of 
belts used for transporting letters in automated mail sorting machines. It is shown that 
tension changes in moving belts can be detected without needing to apply the existing 
techniques that require exciting the belts to their natural frequencies. Thus, unlike the 
existing techniques, which interfere with the monitored moving belt, the proposed 
approach allows the belts to remain in motion. This is obtained by applying ND to 
decide the status of belt tension by examining the signal from an optical sensor. As 
for linking the system components, processors, data acquisition boards, and sensors, a 
novel method for industrial network communication that uses XML to create a single 
standard format for sensor information is used. This arrangement allows sensors to be 
linked with the process controller via the Internet. Again, this is in contrast to the 
dominantly non-standardised and complicated local communication and control 
strategies. It also requires much less cabling to connect sensors to the personal 
computer that runs the NO software. Finally, in order to reduce costs further, a new 
general purpose low cost microcontroller board with built-in CAN capability is used 
for data acquisition while a low cost developer board with built-in Ethernet link is 
used for direct transmission through the Internet. 
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Figure 5 A schematic diagram of the Internet Based Condition Monitoring system 
proposed for implementation in automated mail processing plants 
The main components of the system include the following 
Sensors for monitoring the tension in the belts 
Microcontroller boards for acquiring and pre-processing of sensor values 
A developer board for connection to the Internet 
A PC pre-loaded with MA TLAB software, a software implementation of Novelty Detection 
algorithm, and connection to the Internet . 
The microcontroller board, model A03060 1, by Intelligent Engineering Systems (IENSYS) 
Ltd UK, is a general purpose board for data Acquisition and control. The board is based on 
Microchip [23] PIC 18F458 microcontroller. The microcontroller has up to 8 analogue input 
channels and a 1 O-bit resolution AID converter. The board which has 34 digital 110 pins also 
includes RS232 and CAN support which complies with ISO CAN conformance test. The 
microcontroller can be programmed using a Microchip In-Circuit Debugger (ICD2). The 
development environment is Microchip MPLAB [23] and the programs can be written in 
assembly or C language. The board has also got a Dallas® I-wire bus and an embedded 1-
Window Desired 
Size Sampling 
Rate (Hz) 
10 22.14 6.41 3.35 1.86 11.07 12.87 
20 44.29 10.01 18.751 7.8 65.76 67.60 
35 77.50 75.00 74.55 64.70 100 100 
45 99.64 58.00 70.00 62.4 100 100 
45 99.64 82.08 89.00 89.58 100 100 
55 121.79 99.75 98.71 99.88 100 100 
Details of the training procedure used and available methods may be found in [22]. Table 4 
describes the training parameters. 
Table 4 Training parameters for Novelty Detection 
Belt length 1.4 meters 
Belt speed 3 mls 
Normal belt tension 90 Newtons 
Training examples 3000 
Gaussian centres 5 
Type I error (=100 - accuracy on previously unseen Normal data) 0.3% 
~ m m ~ ~ ~ m m ~ ~ ~ m m ~ 
~ ~ N N N ~ ~ ~ ~ ~ ~ 
Time series elements 
-+-90N 
-O-374N 
Figure 4 Examples of input windows tested by novelty detection 
In these experiments Type I error refers to detection error occurring when the vibration 
signals are obtained from the belt at the same initial belt tension value as that with which ND 
was trained, i.e. at To =90 Newtons. When signals are related to To =90 N and are mistakenly 
rejected as if being associated with belt tension at significantly different To values then a Type 
I error has occurred. ND thresholds were set so that the Type I error on all the ND models 
wire Dallas DS2438Z [24] battery monitoring chip. The board uses this chip to monitor its 
temperature, DC input voltage and the regulated DC voltage for self-diagnosis purposes. 
The developer board called the Axis Developer Board LX by Axis Communications Sweden 
is used for Internet connectivity with an embedded Linux operating system. The board 
comprises of two RS232, two parallel and one RS485 interface and comes with a web-server 
that supports CGI (Common Gateway Interface) for incorporating dynamic content. 
The MATLAB program sends the request for the sensor data through Internet. A CGI 
program written in C in the developer board receives this request and gets the sensor data 
from CAN master that collects the sensor data from the CAN slaves via RS232. Once all the 
sensor data (see Figure 6) is updated it is incorporated in an XML document (see Figure 7) by 
the CGI program. XML is used to describe the features of a sensor that is impossible to do 
with HTML. An advantage of the system is that even if the system is switched to some other 
industrial network, the same XML document will be created. This means that the only change 
that will be needed will be at the Data Acquisition part, while the remaining software and 
hardware will remain the same. 
Once ready, the XML document is then sent to the MATLAB program to be parsed so that 
the sensor data is extracted and fed to the NO algorithm for further processing (as described 
in section 3.2). The program flowchart for the CGI program is shown in Figure 8 and the 
program code written to implement the last box in the flowchart is given in Figure 9. 
IDENTI FICATION 
TYPE 
INSTALLED_LOCATION 
SENSOR 
MEASURED_VALUE 
<SENSOR> 
REOUIRED_ VALUE 
MIN_ALLOWED_ VALUE 
MAX_ALLOVVED_VALUE 
ACTUATOR 
Figure.6. A basic representation of a sensor and its features 
<10> id <110> 
<TYPE> type </TYPE> 
<LOC> loc </LOC> 
<VAL> val <N AL> 
<REO> req </REO> 
<MIN> min </MIN> 
<MAX> max </MAX> 
<ACT> act </ACT> 
</SENSOR> 
Figure.7. XML tags for the basic representation of a sensor 
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Figure.8. The flowchart for the XML document generator 
printf("<sensor>\n\t"); 
printf("<id>"); 
printf("%d",sensor->id); 
printf("</id>\n"); 
printf("<type>"); 
printf("%d",sensor->type); 
printf ("</type>\n"); 
printf ("<loc>") ; 
printf("%d",sensor->loc) ; 
printf("</loc>\n"); 
printf("<val>"); 
printf("%d",sensor->val) ; 
printf("</val>\n"); 
printf("<req>") ; 
printf("%d",sensor->req); 
printf("</req>\n"); 
printf ("<min>") ; 
printf("%d",sensor->min); 
printf("</min>\n"); 
printf ("<max>"); 
printf("%d",sensor->max); 
printf("</max>\n"); 
printf("<act>") ; 
printf("%d",sensor->act); 
printf("</act>\n"); 
printf("</sensor>"); 
Figure 9 - Using the above C code an XML document is created each time the client requests 
for sensor data. Instead of the variables sensor->val etc. the recent value of the sensor is 
embedded and sent to the client. 
If the request is sent by a web browser then the response on the web browser will be similar to 
the snapshot shown in Figure 7. The only difference would be that variable shown in italics in 
Figure 7 will be replaced by actual recent values. 
5. DISCUSSION 
5.1 XML and e-CM 
Numerous industrial networks can be used to implement automated condition monitoring and 
control e.g., CAN, Profibus etc. Unfortunately all these networks have different protocols, 
and hence they cannot communicate with each other. There is a growing realisation in 
industry that there must be an open standard that can enable interoperability between different 
industrial networks. The solutions already available in the market provide limited 
functionality and support. XML is used here as a solution for the integration of information 
between various industrial networks, especially for e-CM. With this approach sensor data 
from different industrial networks can be converted into a single standard XML document in 
order to define sensors and the information that they provide. 
A very visible shift in the industry is that more and more people are moving towards 
open standards. These standards are preferred as their specifications are freely 
available to anyone interested in their implementation. Open standards used in this 
project include TCP/IP, Linux and XML. 
Ethernet and Internet are building inroads into the field of condition monitoring and 
control because of various advantages like low implementation costs, ease of use, 
world-wide application and openness. An added advantage with e-CM is that data 
from spatially and/or geographically dispersed locations can be accessed, analyzed 
and compared at a single location. This increases data fusion capabilities to great 
extent. 
e-CM has been found to be extremely effective in situations where a system operates 
with a known fault or it may operate beyond its original design limitations. It is most 
effective in situations where a system has to be remotely accessed. It must, however, 
be made certain that the e-CM system is responsive enough so that a clear idea about 
the condition of the system can be made. 
The future architecture of Internet, presented on the website of World Wide Web 
Consortium (W3C), is based on XML. W3C is a group of around 400 member 
organisations from all over the globe controlling the development of Internet. XML is 
extremely suitable for exchanging data across the Internet and elsewhere. It is easy to 
learn and implement yet powerful enough to handle even the most complex of 
applications. XML fulfils the goals of openness and hence interoperability. Linux is 
also becoming popular because of its openness and stability. The use of Linux OS is 
steadily increasing especially in embedded applications. 
The immediate implication for UK's Royal Mail, with its large network of mail processing 
plants, is the ability to obtain automatic and continuous condition monitoring of large 
numbers of belts at critical or bottleneck areas within its various types of automated mail 
processing machinery. 
5.2 Novelty Detection and feature extraction for belt eM 
As explained in section 3.2 a time window from the vibration signal was used as input to the 
novelty detection model. The use of belt vibration features other than a window of time 
domain data as the input of a novelty detector could circumvent the need to select a specific 
length of time window in the following sense: the use of certain statistical features as the 
input to a novelty detector can result in independence between the dimensionality of the 
feature that forms the input to the novelty detector and the length of the data window from 
which extraction of the feature occurs. However, the use of statistical features as the input of 
a novelty detector would still result in one having to undertake the process of selecting an 
appropriate time window albeit at a different stage in the design cycle of a novelty detector. 
For example, if the chosen statistical feature consisted of a discretised Fourier decomposition 
of belt vibration then one would have to select the frequency resolution of the decomposition. 
If the chosen feature consists of a second order moment, higher order moment or indeed any 
other statistical feature then one would need to select the length of the data window from 
which to extract such a feature so that appropriate minimisation of the bias/variance, or at the 
very least the variance of the estimate of the feature for a particular fault mode occurs 
(assuming the ergodicity of the feature). 
Assuming that excitation of an appropriate magnitude of the resonance mode of the belt span 
occurs during the acquisition of belt vibration data then one such frequency domain feature 
could consist of the energy dissipated at the resonance frequency of the belt. The general 
criterion for identifYing frequency domain features or any other characteristics/features of the 
belt vibration data consists of the result of evaluating the features in terms of the distance 
between points in the feature space when a change of tension does occur. A knowledge of the 
belt vibration features that maximises or results in a significant distance between points in the 
feature space after a change in belt tension has occurred could facilitate the design of 
conceptually and computationally simpler condition classification algorithms than NO. 
However, such knowledge is yet to be obtained and NO has been shown to provide an 
effective solution in its absence. 
6. CONCLUSION 
An e-CM system capable of providing alarms when unacceptable belt tensions occur has been 
outlined and demonstrated. The system uses various new technologies for e-CM like 
embedded Linux OS, distributed monitoring system, Novelty Detection and XML. The 
existing condition based monitoring systems for belts require direct measurement relying on 
expensive, inflexible and manual data collection. The application of novelty detection for 
processing transverse vibration of a moving belt span without exciting the natural frequency 
of the belt span has been proven. By smartly combining appropriate vibration sensor, 
vibration features, novelty detection, low cost data acquisition, and the XML standard for 
communication, a cost effective maintenance solution has been obtained. The resulting 
integrated approach is more efficient because: a) it can reduce waste by minimising process 
interruptions caused by direct belt inspection methods while obtaining high detection 
accuracy (99.67%), and b) it can provide on-line remote CM that is cost-effective, simple, 
standardised and scalable across a wide area and for a relatively large number of sensors. 
This improvement is especially important when applied to bottleneck processes and critical 
components. 
Future work can provide graded novelty detection in order to reduce sensitivity of NO when 
the belt tension changes are not significant enough to pose any threat to the health of the 
components in the belt drive system. 
If a fault mode affects characteristics of belt vibration then the occurrence of that fault mode 
causes a change in the characteristics of the belt vibration. Since novelty detection detects 
such changes in characteristics of belt vibration then an appropriately trained novelty detector 
could detect fault modes. This conclusion has not been tested empirically for all possible fault 
modes; the testing of this conclusion with respect to particular fault modes could constitute a 
possible future direction for this work. 
Finally, during system improvement exercises it is not easy to select and use the optimum 
combination of the available technologies. This difficulty may explain why engineers who are 
looking for better solutions to the existing problems tend to experiment with new off-the-shelf 
solutions that are usually very expensive. The ever increasing competition requires the 
engineers to examine several new approaches concurrently in order to address different parts 
of a given problem while adopting a holistic evaluation of their choices. Committed 
collaboration with researchers in technical universities can bear fruit towards such goals as 
demonstrated by this paper. 
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ABSTRACT 
When mechanical power is transmitted by a belt based power transmission system some 
mechanical energy is converted to thermal energy. This paper discusses an investigation into 
the thermal behaviour of a two pulley flat belt power transmission system. The investigation 
was carried out using recently developed low resolution thermal imaging technology. In this 
paper the effects of belt pulley roller bearing condition and belt pulley rotational velocity on 
system temperature are evaluated. It was found that an increase in pulley velocity or 
deterioration in the condition of the driven pulley bearings increased the temperature of the 
belt and the driving pulley within the system. 
1. INTRODUCTION 
Recent developments in thermal imaging technology have widened the scope of condition 
monitoring applications for which the use of thermal imaging technology is financially 
feasible. Such an application is the condition monitoring of letter sorting machinery (1). Flat 
belts are a crucial component of letter sorting machines that perform fundamental functions 
such as mail transportation. 
The transmission of power using belts is a method applied in a wide variety of industrial and 
commercial systems. Empirical studies and modelling of belt mechanics have been carried out 
in order to increase understanding of the transmission process (2,3). Knowledge that has been 
generated by the various studies has been exploited in order to progress the general field of 
belt power transmission technology such as belt condition monitoring technology (4). 
Studies of the thermal characteristics of belt based power transmission systems, carried out 
through thermal imaging, have shown that increases in belt tension increase the overall 
temperature of a belt transmission system (5). Such work has also shown that pulley roller 
bearing condition affects the temperature of belt pulleys (1). This paper describes an 
investigation into the effect of pulley velocity and the condition of belt pulley bearings on belt 
temperature, and the temperature of other pulleys within a belt based power transmission 
system. This investigation was carried out using low resolution infra-red imaging technology 
on a test rig consisting of flat belt power transmission system with two pulleys. 
Section 2 discusses belt based power transmission and the generation of thermal energy in 
such systems. Section 3 discusses thermal imaging technology. In section 4 the details of the 
experimental rig are given and results presented. In section 5 conclusion drawn from the work 
are presented. 
2. BELT BASED POWER TRANSMISSION 
Belt based power transmission systems transmit power via frictional forces. A simple two 
pulley belt transmission system is depicted in fig 1. Mechanical power is transmitted from the 
driving pulley to the belt and from the belt to the driven pulley via frictional forces (Fj ). These 
forces develop wherever contact between the surface of the belt and the surface of a pulley 
occurs. 
Pulley Pulley 
Figure 1. A simple two pulley belt power transmission system. 
In practical systems power losses occur when power is transmitted from a driving pulley to a 
belt and when power is transmitted from a belt to a driven pulley [1]. There two most widely 
studied sources of mechanical energy in losses in belt power transmission systems, slippage 
(3) and belt vibration (2). During the power transmission process transverse vibration, 
longitudinal vibration and torsional vibration of the belt may occur. 
TI, T2 
(j)dn, (j)dg 
rdn, rdg 
Vb 
PMech 
Vdg 
[1] 
Span 1 tension, span 2 tension. 
Angular velocity of driving pulley, angular velocity of driven pulley. 
Radius of driving pulley, radius of driven pulley. 
Belt velocity. 
Mechanical power transmitted. 
Velocity of driving pulley surface. 
Slippage is the occurrence of any relative motion between the surface of the belt and the 
surface of the pulley. If slippage occurs power is transmitted via kinetic frictional forces. 
Kinetic friction dissipates mechanical energy in a system through the conversion of 
mechanical energy to thermal energy. The total change in thermal energy due to the 
occurrence of slippage is given by [2]. 
Fjk 
S 
ETherm 
Kinetic frictional force. 
Displacement of belt surface relative pulley surface. 
Thermal energy. 
[2] 
Thermal energy in belts is also generated through damping processes such as hysteresis. The 
total thermal energy generated due to hysteresis is equivalent to the total area enclosed by the 
hysteresis loop in the stress/stain curve of a belt. Cyclic variation of belt span tension 
generates thermal energy through hysteresis. Examples of sources of periodically varying 
span tension are as follows. Variations of span displacement in the transverse direction due to 
transverse vibration. The case where a belt power transmission system drives a cyclically 
varying load, this situation occurs in combustion engines (4). 
3. THERMAL IMAGING 
Objects transfer heat via three mechanisms conduction, convection and radiation. Conduction 
is the transfer of heat energy through solid bodies. Convection is the transfer of heat through 
the movement of a fluid (e.g. air) and radiation is the transfer of heat energy via 
electromagnetic radiation emitted by the object. Infra-red radiation is emitted by every object 
with a temperature above absolute zero. The amount of infra-red radiation emitted by an 
object is partly a function of the temperature of the object. The infra-red energy emitted 
increases as temperature increases. 
Infra-red thermal imagers sense infra-red radiation using an array of thermally isolated 
thermistors. The resistance of a single element in the array (pixel) is affected by infra-red 
radiation emitted by an object within the field of view of the array. The element resistance is 
used to convert levels of infra-red radiation into an electric voltage. Changes of voltage in 
response to changes in the level of emitted radiation can be calibrated as a function of 
temperature. Infra-red radiation consists of electromagnetic waves with a wavelength of 
between 0.7/lm and 1000 /lm. The atmosphere contacts, mainly C02 and H20, absorbs infra-
red energy of various wavelengths. The atmosphere has its highest transmittance mainly with 
wavelengths between 3-5 /lm and 8-14 /lm. Therefore, most commercial infra-red imagers 
detect infra-red radiation of wavelengths between 0.7 /lm and 20 /lm. 
The development of Infra-red thermal imaging technology has been driven by applications 
that require thermistor arrays consisting of over 100,000 elements. Such applications include 
long distance surveillance and object identification. The application of thermal imaging 
technology within industry, in areas such as machine condition monitoring, has been limited. 
This is mainly due to cost considerations. It is also partially due to the use of high spatial 
resolutions in condition monitoring applications leading to a high level of information 
redundancy in the resulting thermal images. Low resolution thermal imaging technology has 
recently been developed (6). This technology utilises infra-red sensor arrays consisting of 
only 256 pyro-electric thermistors. The commercial cost of this technology is significantly 
lower than high resolution thermal imaging technology. 
4. EXPERIMENTATION 
4.1 Test Rig Description 
The experimental rig consisted of a two pulley belt power transmission system in which the 
driving pulley is itself driven by an electric d.c. motor (fig 2). Temperatures were monitored 
using two Irisys IXS 9009 low resolution thermal imagers. Thermal imager 1 was placed as 
such that the field of view of the imager encapsulated the belt. Figure 3 presents an image 
taken from the viewpoint of imager 1 and a typical thermal image of the objects within the 
field of view of the imager. Thermal imager 2 was placed as such that the field of view 
encapsulated the driven pulley and the belt. Data acquisition was performed using a Pentium 
class portable computer. Data was captured under the following conditions: the system 
running with belt velocities of 1.7 and 4.2 ms- I , with the driven pulley possessing bearings in 
good condition. The system running with belt velocities of 1.7 and 2.7 ms- I , with the driven 
pulley possessing worn/faulty bearings. Under each of the four conditions stated thermal 
images were captured every 5 seconds over a 900 second period. For each condition data 
acquisition was initiated and the belt run up to the required velocity. A period of cooling was 
administered in between the capture of each 900 second data set. 
Thermal 
Imager 2 
Data Capture 
Unit 
Thermal 
Imager 1 
Pulley 
~ Tachometer 
Figure 2: Overview of the experimental rig. 
Figure 3. Belt and driven pulley (left) and corresponding thermal image (right). 
4.2 Results 
Figure 4 is a plot of belt temperature versus time for all four circumstances under which data 
was captured. This plot was generated by calculating the average temperature value measured 
by the cluster of image pixels corresponding with the belt. This plot shows that the average 
temperature of the belt increased when belt velocity was increased from 1.7 ms- I to 4.2 ms- I . 
This plot also highlights the fact that the average belt temperature increased when worn 
bearings were present in the driven pulley. Increasing pulley rotational velocity and worn 
bearings in the driven pulley increased the temperature gradient significaritly during the first 
200 seconds of data acquisition. A large increase in belt temperature gradient did not occur in 
the case where belt velocity = 1.7 ms- I and worn bearings were present in the driven pulley. 
This was due to the relatively high initial temperature of the belt, which is considered to be 
caused by insufficient cooling of the belt before data capture. 
Figure 5 is a plot of driving pulley temperature versus time. This plot was generated by 
calculating the average temperature value measured by the cluster of image pixels 
corresponding with the driving pulley. This highlights that the average temperature of the 
driving pulley increased as a result of an increase in belt velocity and also as a result of worn 
bearings in the driven pulley. The increase in pulley temperature gradient during the first 200 
seconds of running time, in the case of a velocity increase or worn bearings in the driven 
pulley, is not as large as in the of the belt temperature gradient. 
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Figure 4. Belt temperature v time. 
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Figure 5. Pulley temperature v time. 
There are a number of possible means through which worn bearings in the driven pulley 
causes an increase in driving pulley temperature and belt temperature. Transfer of heat from 
the worn pulley to the belt, which in tum is transferred to the driving pulley. An increase in 
slippage due to the additional load caused by an increase in bearing friction (3). An increase 
in belt temperature due to the presence of high frequency belt transverse vibrations, which in 
tum is be transferred to the driving pulley. 
5. CONCLUSION 
Low resolution infra-red imaging was applied in order to measure temperature in a belt power 
transmission system. An increase in pulley rotational velocity or the presence of worn 
bearings in the driven pulley increased the overall temperature of system. This included an 
increase in belt temperature and an increase in the temperature of the driving pulley. 
This demonstrates the sensitivity of belt temperature to bearing condition and the potential of 
low resolution thermal imaging for the condition monitoring of belt transmission systems. 
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Appendix II: Patents 
During the course of the research project a total of four patent applications relating to 
the condition monitoring of belt have been filed. These patents were filed jointly by 
Royal Mail Group and Loughborough University. The patents include a patent on the 
concept of friction monitoring discussed within this dissertation and patents pertaining 
to techniques for monitoring BPT systems through the measurement and analysis of 
belt transverse vibration. 
The patents consist of three international patents and one UK patent. The numbers of 
the international patents are PCT/GB03/005614, PCT/GB02/01577 and 
PCT/GB03/005631. The number of the UK patent application is 0300306.8. 
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Appendix IV: Friction 
Device Motor Equations 
Monitoring 
For a permanent magnet DC motor, equation Al relates the force experienced 
(according to the 'right hand rule' associated with process of induction) by the 
conductors slotted within the motor armature with magnetic field strength, current, 
and annature length. The force generated for the conductors in which current flows 
from the front to the back of the armature is in the opposite direction from that 
generated for the conductors in which current flows from the front to the back of the 
armature. In Equation Al F denotes force, Bmag magnetic field strength fa the current 
flowing through the conductors, and fa the length of the armature (from front to back). 
The torque produced is given by equation A2, in which ra denotes radius of the 
armature. 
(AI) 
(A2) 
In a permanent magnet motor ra, B mag, and fa are constant, therefore: 
T = K,,/a (A3) 
For a permanent magnet DC motor the back EMF (B) generated through the process 
of inductance (described by Faraday's law) is given by equation A4, where OJ denoted 
the angular velocity of the rotor: 
(A4) 
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In a permanent magnet DC motor Bmag, fa and ra are constant, therefore: 
(AS) 
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